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Abstract 
Recent research work provided the basis for a much improved understanding of the open ocean 
sources of dimethylsulphide (DMS), carbonyl sulphide (COS), and carbon disulphide (CS2) to the 
atmosphere. Coastal ocean emissions remained less well constrained, arguably because of the 
inherently high variability of coastal and estuarine systems. This article presents a review of the 5 
spatial and seasonal distributions of DMS, COS and CS2 together with a preliminary assessment of 
their respective emissions from European coastal waters. Our data compilation considers winter / 
summer scenarios and explicitly distinguishes shelf waters and estuarine systems. For DMS, our 
findings indicate similar emission rates for shelf waters and estuarine systems and an annual DMS 
source of approximately 16 Gmol a-1. Our annual emission estimates for COS and CS2 are 0.26 10 
Gmol a-1 and 0.16 Gmol a-1, respectively, and suggest significant contributions from estuarine 
systems to total shelf emissions in both cases (COS: 27%; CS2: 19%). On this basis we 
recommend that estuarine COS and CS2 emissions should be considered in future global emission 
estimates. Comparisons of our emission estimates to previous estimates of global marine sulphur 
gas emissions indicate disproportionally high contributions from European coastal waters. Given 15 
that emission rates from European shelves may be similar to those of other coastal shelf areas, our 
findings suggest that the coastal marine sources of DMS, COS and CS2 may have been 
underestimated in previous work.  
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1. Introduction  
Marine emissions of reduced sulphur gases are an essential element of the global sulphur cycle 
and the main source of biogenic sulphate aerosols, which play important roles in atmospheric 
chemistry and climate change. Early work by Lovelock et al. (1972) provided the first direct 
evidence of dimethyl sulphide (DMS) in seawater and suggested that oceanic DMS emissions are 5 
responsible for the transfer of biogenic sulphur from sea to land required to balance the terrestrial 
inputs of oxidised sulphur into the oceans. Since then, subsequent work confirmed that DMS is the 
dominant volatile sulphur compound in surface seawater, responsible for more than 95% and 20% 
of marine and global sulphur emissions, respectively (see Andreae, 1990 for details; Andreae and 
Jaeschke, 1992; IPCC, 2001). Once emitted, DMS oxidation by free radicals in the troposphere 10 
yields predominately sulphur dioxide, which then undergoes gas-to-particle conversion to form 
aerosol sulphate. This biogenic sulphate aerosol has been linked to radiative forcing of climate 
change caused by aerosol optical depth and indirect effects of biogenic sulphate on cloud 
formation and albedo (Shaw, 1983; Charlson et al., 1987; Schwartz, 1988; Andreae and Crutzen, 
1997). Importantly, scenarios of DMS-induced climate change involve biosphere – climate 15 
feedback mechanisms, in which the production of biogenic aerosol itself is influenced by the 
climate effects it causes. However, the overall direction of this feedback still remains uncertain 
(Andreae and Crutzen, 1997), highlighting requirements for future research on the major controls 
of DMS release and its possible consequences for future climates. 
In addition to DMS, carbonyl sulphide (COS) has also been implicated in radiative forcing of 20 
climate change. With regard to total sulphur emissions, the contribution of COS is almost negligible 
(ca. 0.2%, Andreae and Jaeschke, 1992). Even so, COS is by far the most abundant sulphur 
species in the troposphere, because its slow gas phase oxidation gives rise to long tropospheric 
residence times (2 – 6 a, Khalil and Rasmussen, 1984; Ulshöfer and Andreae, 1998) and a 
tropospheric loading roughly three times that of even aerosol sulphate (5 Tg S,  Andreae and 25 
Crutzen, 1997). Consequently, COS is transported into the stratosphere, where its photo-oxidation 
is believed to be a significant if not the dominant source of sulphuric acid aerosol in the absence of 
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major volcanic eruptions (Crutzen, 1976; Sze and Ko, 1979; Engel and Schmidt, 1994; Chin and 
Davis, 1995).  
Much of the recent interest in the COS budget has been stimulated by the effects of 
stratospheric sulphate aerosol on Earth’s radiation balance (Turco et al., 1980) and the 
heterogeneous chemistry of stratospheric ozone depletion (Fahey et al., 1993). Marine COS 5 
emissions alone are thought to contribute approximately 20% (Andreae and Crutzen, 1997; Watts, 
2000) to its global sources. However, considering additional COS inputs from the tropospheric 
oxidation of marine-derived DMS (25%, Barnes et al., 1994) and carbon disulphide (CS2) (10%, 
Chin and Davis, 1993) gives a total marine contribution of approximately 55%. In addition, recent 
work indicated that the contribution of marine-derived CS2 to the atmospheric COS budget may be 10 
even higher than the marine COS flux itself (Kettle et al., 2001), further illustrating the importance 
of the oceans as an atmospheric sulphur source.  
In addition to DMS, COS and CS2, previous work also considered the possible contributions of 
hydrogen sulphide (H2S) and methanethiol to marine sulphur emissions. Early work predating the 
discovery of seawater DMS by Lovelock et al. (1972) speculated that the oceans may be a 15 
significant source of H2S. However, subsequent measurements indicated only minor or negligible 
contributions of marine-derived H2S (Andreae et al., 1991; less than 0.3% of total S emissions, 
Andreae and Jaeschke, 1992; Shooter, 1999). Similarly, sulphur gas measurements up to the mid 
1990s provided no evidence for a significant contribution of methanethiol to marine sulphur 
emissions. Even so, recent observations with improved analytical techniques indicated that sea 20 
surface concentrations of methanethiol (CH3SH) may be approximately one order of magnitude 
higher than those of COS and CS2 (Kiene, 1996; Ulshöfer et al., 1996; Xu et al., 2001). So far, 
global flux estimates for this gas are still lacking. However, available emission rate estimates 
indicate that the methanethiol sea-to-air fluxes may account for as much as 20% of that of DMS in 
parts of the worlds oceans (Kettle et al., 2001), suggesting a significant contribution to the global 25 
sulphur budget. In view of the potential importance of methanethiol emissions, future work is 
required to clarify its importance for the atmospheric sulphur cycle.  
G. Uher: Reduced sulphur gases in European coastal waters 6 
Recent work has seen significant progress towards an improved understanding of global 
patterns of marine sulphur gas distribution and emissions. For example, global fields of DMS 
concentrations and emissions were constructed from data compilations (Kettle et al., 1999; Kettle 
and Andreae, 2000) and from combinations of remotely sensed sea surface chlorophyll and 
climatologies of geophysical data (mixed layer depth) (Simó and Dachs, 2002). Similarly, remote 5 
sensing data were used to provide estimates of oceanic COS air-sea flux on global scales 
(Erickson and Eaton, 1993; Preiswerk and Najjar, 2000). However, these studies focused primarily 
on the open ocean and applied coarse spatial grids that cannot be expected to resolve fine-scale 
variability in the coastal ocean (see e.g. Uher et al., 2000). The issue of spatial resolution is further 
compounded by ‘thin’ data coverage, both with regard to spatial and seasonal changes in sulphur 10 
gas cycling. Consequently, uncertainties remain with regard to the coastal ocean contribution to 
global marine sulphur emissions, despite recent advances towards the construction of global 
concentration and emission fields. 
As part of the CarboEurope - GHG project, specific study Coastal Ecosystems Greenhouse Gas 
Budget (see Pacyna, this issue), this study addresses the contribution of sulphur gas emissions 15 
from the European coastal zone. In the following, we focus on DMS, COS and CS2, which - on the 
basis of present understanding - are considered the main sources of biogenic aerosol sulphate in 
troposphere and stratosphere. H2S was excluded here, because there is general agreement that 
its contribution is insignificant on a global scale. Similarly, methanethiol was excluded, because the 
paucity of available data presently precludes further analysis of its possible contribution to regional 20 
and global budgets. European waters are particularly suited to a case study of coastal ocean 
sulphur gas cycling, because they include the most densely sampled shelf sea waters globally 
(Kettle et al., 1999) and also provide for seasonal coverage in some cases (e. g. Turner et al., 
1988; Leck et al., 1990). The aim of this study was to review distribution and air-sea exchange of 
reduced sulphur gases within the context of our present understanding of their biogeochemical 25 
cycling, and constrain the likely role of European coastal waters as an atmospheric sulphur source. 
In support of this discussion, important production and removal pathways are briefly mentioned in 
the relevant sections, although it was not intended here to provide an exhaustive review of the 
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mechanisms of reduced sulphur cycling. Rather, the intention was to identify underlying trends in 
spatio-temporal variability that might serve as a guide to future work on coastal ocean sulphur gas 
cycling. 
 
 5 
2. Methodology and Approach 
2.1 Study area  
European coastal waters may be defined on the basis of biogeographic classifications or 
physiogeographic criteria (e.g. ≤200 m water depth). Biogeographic classifications may be 
considerably more complex, depending on the choice of biological, chemical, and physical 10 
descriptors used in the definition of their extent. Contemporary classification schemes for open 
ocean waters are often based on physical controls of vertical mixing and stratification that may be 
defined in terms of density structure (Hooker et al., 2000). On continental shelves and margins, 
physical forcing is also modified by interaction with bottom topography and coastal geomorphology, 
freshwater discharge, and restricted exchange with the open ocean, resulting in the distinct 15 
characteristics of coastal biomes (Longhurst et al., 1995; Longhurst, 1998). A review of regional 
coastal oceanography would go far beyond the scope of this study, and the reader is referred to 
previous publications (e.g. Walsh, 1988). It is, however, worth noting that coastal biomes are 
distinct due to their small scale variability (<1km to >100km, Huthnance, 1995) caused by features 
such as pronounced tidal mixing (e.g. tidally mixed areas of the southeastern North Sea and 20 
English Channel, Otto et al., 1990), frontal systems (Pingree et al., 1975; McMahon et al., 1995), 
shelf break upwelling (Pingree and Mardell, 1981; Pingree et al., 1986), and coastal upwelling 
(Fiúza et al., 1982; Haynes et al., 1993), all linked to enhanced productivity and biogeochemical 
cycling. In addition, coastal seas are significantly affected by nutrient loads from riverine and 
atmospheric inputs, particularly in semi-enclosed, shallow water bodies with restricted exchange to 25 
the open sea. Given the influence of bottom topography on the distinct hydrographic and 
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biogeochemical regimes of coastal waters, it is plausible to operationally define the coastal zone as 
the waters of the physiographic shelf with up to 200 m depths, and this approach is adopted here. 
However, it is worth noting that the effects of processes such as coastal upwelling and shelf break 
fronts may reach beyond the 200 m depth contour. For example, upwelling filaments off the 
western Iberian Peninsula may extend up to 200 km beyond the shelf break at the peak of the 5 
upwelling season (Haynes et al., 1993). However, the areal extent of such features can be 
considered small compared to that of the entire European shelf.  
With 3 x 106 km2 (Table 1, Walsh, 1988), European shelf seas account for a significant fraction 
of world shelves (12.2%, Menard and Smith, 1966). The wide continental shelves of the Barents 
and British Seas together account for 53% percent of European coastal waters, and the narrow 10 
shelves of Western Europe only for an additional 19%. The remaining 28% are from enclosed seas 
(Baltic, Mediterranean, and Black/Azov Seas). Each of the above regions show distinct 
hydrography and ecosystem characteristics, which have been described elsewhere (Ketchum, 
1983; Postma and Zijlstra, 1988; Hardisty, 1990; Otto et al., 1990; Mandych, 1995).  
The European coastline is home to a variety of estuarine and intertidal environments, which on 15 
the merits of their exceptionally high productivity (up to 8 times that of continental shelves, 
Whittaker and Likens, 1975) deserve separate treatment. Freshwater inputs, semi-enclosed 
nature, shallow bottom topography and restricted exchange with the coastal ocean are common 
characteristics of these environments, which include estuaries, deltas, the Wadden Sea, fjords, sea 
lochs, rías, bays and lagoons. Marine intertidal areas, vegetated (salt marshes) and unvegetated 20 
(mud flats) were also considered below, when data were available. In the following we adopt the 
term ‘estuarine systems’ for all the aforementioned coastal domains with restricted exchange with 
the coastal ocean. The EU CORINE Land Cover project (http://dataservice.eea.eu.int/dataservice/) 
classified European estuarine systems into estuaries, lagoons, salt marshes and mud flats 
(Commission of the European Communities, 1991), with the aim to work towards a comprehensive 25 
land cover data base for the EU member states. However, no data are as yet available for the 
Norwegian, Swedish and Russian coasts and for parts of the Black Sea and Mediterranean coasts. 
Furthermore, implementation of the CORINE biotope classification was often inconsistent with 
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regard to estuarine systems. For example, (1) intertidal areas of the Wadden Sea are only 
provided for German waters but not for the Netherlands, (2) estuarine areas are sometimes 
classed as inland ‘water courses’ or ‘water bodies’ (e.g. Rhine, Gironde), and (3) estuarine 
systems such as parts of the Wadden Sea, sea lochs, rías were wrongly classified as ‘sea and 
ocean’. While it is hoped that ongoing data integration will in the future provide accurate area 5 
coverage for European estuarine systems, such data are still lacking. In order to obtain a rough 
first guess of the areal extent of European estuarine systems, we therefore calculated European 
estuarine and marine intertidal areas from global cover (estuarine: 1.4 x 106 km2, salt marsh: 0.4 x 
106 km2, Walsh, 1988) multiplied by the fractional contribution of Europe to the global shelf area 
(0.12). This suggested estuarine and intertidal surface areas of 0.16 x 106 km2 and 0.05 x 106 km2, 10 
respectively, i.e. roughly 5% of European shelf waters. Given the presence of extensive estuarine 
environments (e.g. fjords of > 100 km length, Wadden Sea) the above figures for European 
estuarine and intertidal areas seem plausible despite considerable remaining uncertainty.  
 
2.2. Air-sea flux calculations  15 
 
The air-sea flux of sulphur gases, F, was estimated from the product of windspeed dependent 
gas transfer coefficient, kw, and sulphur gas concentration difference across the air-sea interface, 
F = kw (Cwater -
C
H
air ) = kw 
C
H
air
 (SR - 1) (1) 
where Cwater and Cair are the gas concentrations in surface water and overlying air, respectively, 20 
and H is Henry’s law constant. The concentration difference across the air-sea interface can also 
be expressed by means of the saturation ratio, SR, defined as gas concentration in air equilibrated 
with surface water divided by Cair, with SR > 1 indicating supersaturation of surface water with 
respect to the overlying air. For DMS, waters are always highly supersaturated so that the term 
(Cair / H) in equation (1) can be neglected (see Uher et al., 2000 and references therein). Gas 25 
transfer coefficients, kw, were calculated from windspeed at 10 m height, using the 
parameterisations by Liss and Merlivat (1986) and Wanninkhof (1992), the latter referring to long-
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term winds. Estimates of kw obtained from Liss and Merlivat (1986) and Wanninkhof (1992) 
generally fell towards the upper and lower ranges of other gas exchange parameterisations, 
respectively, reflecting the uncertainty within existing air-sea gas exchange models (see Upstill-
Goddard, this issue, for further details). In order to account for this uncertainty, and to facilitate 
comparison with previous work (Ulshöfer and Andreae, 1998; Xie and Moore, 1999; Kettle and 5 
Andreae, 2000; Uher et al., 2000), fluxes are reported as arithmetic averages of results from Liss 
and Merlivat (1986) and Wanninkhof (1992). The gas transfer coefficients from Liss and Merlivat 
(1986) were adjusted to the respective sulphur gases by multiplying with (Sc/600)n, where Sc is the 
Schmidt number of the sulphur gas in question and n is the Schmidt number exponent. The gas 
transfer coefficients from Wanninkhof (1992) were adjusted by multiplying with (Sc/660)n. We used 10 
n = -2/3 for windspeeds ≤ 3.6 m s-1 and n = -1/2 for windspeeds > 3.6 m s-1 (Liss and Merlivat, 
1986). For DMS and CS2, we used the Schmidt number parameterisations of Saltzman et al. 
(1993) and Xie and Moore (1999), respectively. For COS, we calculated the Schmidt number from 
the COS diffusion coefficient and the kinematic viscosity of seawater as in Ulshöfer et al. (1995). 
The Henry constant for COS was also calculated according to Ulshöfer et al. (1995). The Henry 15 
constant for CS2 was calculated as a function of water temperature and salinity, using a 
parameterisation derived from solubility data reported in Elliott (1989). For data from Elliott (1989), 
the Setchenov coefficient, kS, was found to vary linearly with temperature (R2 = 0.98; n = 5),  
kS = - 0.008221 t + 0.2249        (2) 
where temperature, t, is given in units of °C. The Henry constant for CS2, given in units of pptv 20 
pmol-1 L, was then parameterised as  
1/H = A exp(B(1/T – 1/298.15)) 10C       (3) 
C = -0.5 kS (S/35) 
where T is absolute temperature in Kelvin and S is salinity. The coefficients A = 0.06291 and 
B = 3832 were derived from a linear regression of ln(H) against the inverse of T, using Elliott’s 25 
(1989) data for CS2 solubility in pure water (R2 = 0.995; n = 5). The Henry constant of CS2 from our 
parameterisation of Elliott’s (1989) data is ca. 28% below that of De Bruyn et al. (1995) at S = 35 
and 10°C, although these two parameterisations conv erge towards higher temperatures. Here, we 
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adopted the parameterisation above, because the temperature dependence of kS was explicitly 
described in Elliott (1989) but not in De Bruyn et al. (1995).  
We obtained salinity, and sea surface temperature data from the World Ocean Atlas 2001 
(Boyer et al., 2002; Stephens et al., 2002) and wind speed at 3 m height from the Atlas of Surface 
Marine Data 1994 (da Silva et al., 1994). Wind speeds were normalised to 10 m height using the 5 
neutral drag coefficient from Trenberth et al. (1989). Winter (Oct-Mar) and Summer (Apr-Sep) 
averages for the European shelf (≤200 m), obtained by merging seasonal data fields with 
bathymetry (U.S. Department of Commerce, May 1988), are summarised in Table 2. This rather 
coarse seasonal resolution applied here might cause some bias in our air-sea flux calculations, 
chiefly due to the non-linear response of air-sea exchange coefficients to surface windspeeds. 10 
However, we believe that this approach is permitted here, firstly because the uncertainty in air-sea 
flux estimates is almost certainly dominated by spatio-temporal variability in sulphur gas 
concentration fields, and secondly because seasonal variations of dissolved sulphur gases are 
poorly constrained in many study areas (see section 3.1.3 for further details). For the calculation of 
air-sea fluxes from estuarine systems we also used the data in Table 2, except for salinity, which 15 
was set to S = 15. 
 
 
3. Results and discussion  
3.1. Dimethylsulphide (DMS) 20 
3.1.1. DMS biogeochemical cycling 
DMS is formed from algal-derived dimethylsulphoniopropionate (DMSP) by enzymatic cleavage 
via algal or bacterial DMSP lyase (Stefels and Boekel, 1993; Ledyard and Dacey, 1994), along with 
acrylic acid. Algal synthesis of DMSP is highly species dependent and often highest in 
prymnesiophytes (e.g. Phaeocystis, coccolithophores) and dinoflagellates, although certain 25 
chrysophyceae and bacillariophyceae (diatoms) may also contain high levels of intracellular DMSP 
(Turner et al., 1988; Iverson et al., 1989; Keller et al., 1989; Liss et al., 1994). The ecological role 
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of DMSP may involve osmoregulation (Vairavamurthy et al., 1985; Dickson and Kirst, 1987), 
cryoprotection (Kirst et al., 1991), chemical defence via acrylic acid formation (Wolfe et al., 1997) 
and antioxidant function (Sunda et al., 2002).  
DMS release is affected by a variety of factors related to plankton population dynamics and 
trophic interactions. These include enhanced DMS release during cell lysis (Nguyen et al., 1988), 5 
zooplankton grazing (Dacey and Wakeham, 1986) and viral infection (Malin et al., 1998), but also 
involve competing DMSP degradation pathways that lead to the formation of methanethiol and 
other, as yet unidentified organosulphurs (Kiene, 1992; Kiene, 1996). Mass balance calculations 
suggest that algal-derived DMSP and DMS are rapidly recycled in the upper ocean and that only 
approximately 1% of DMSP is lost to the atmosphere as DMS (Andreae, 1990; Archer et al., 2002). 10 
Initially, microbial consumption was believed to be the dominant DMS removal process (Kiene and 
Bates, 1990), while photochemical losses were thought to be small and in the order gas exchange 
loss (Brimblecombe and Shooter, 1986). Recent work, however, indicated that DMS photo-
oxidation is often important and may exceed microbial consumption under favourable conditions 
(Kieber et al., 1996; Brugger et al., 1998; Simó and Pedrós-Alió, 1999; Hatton, 2002; Toole et al., 15 
2003; Bouillon and Miller, 2004; Toole et al., 2004).  
Given the complexity of food web dynamics and geophysical interactions involved in DMS 
cycling, it is not surprising that attempts to explain geographical DMS distribution patterns on the 
basis of algal abundance, taxonomy or productivity alone have seen little success (Simó, 2001). 
Furthermore, DMS displays pronounced seasonal variability, characterised by summer maxima 20 
that coincide with low algal and DMSP abundance (DMS summer paradox). Available evidence 
suggests that these seasonal patterns are related to DMS cycling rates (Dacey et al., 1998; Uher 
et al., 2000) driven by biogeochemical and geophysical forcings that were recently parameterised 
by combinations of mixed layer depth, phytoplankton abundance, irradiance and nutrient limitation 
terms at coarse spatial resolution (1 x 1 degree) (Anderson et al., 2001; Simó and Dachs, 2002). 25 
Such parameterisations, however, may not resolve the pronounced small-scale variability in 
coastal waters, which occurs at scales ranging from < 10 km to 100 km (Uher et al., 2000). In the 
following, we review available data on DMS distribution and air-sea flux around Europe, and 
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discuss these data within the context of present knowledge about their geographical and seasonal 
variation. 
 
3.1.2. DMS distribution 
An overview of available DMS measurements on European shelves and adjacent open ocean 5 
waters is presented in Table 3. Results in Table 3 are grouped by study area, starting with north-
western European shelf (Northeast to Southwest), followed by enclosed seas (Baltic, 
Mediterranean, and Black Seas) and estuarine systems. Where data could not be extracted from 
the original publication, we digitised the data set, or interrogated the data compilation in Kettle et 
al. (1999), available from the U. S. National Oceanic and Atmospheric Administration 10 
(http://saga.pmel.noaa.gov/dms/). The geographical data coverage is further illustrated in Figure 1, 
which shows DMS concentrations around Europe extracted from Kettle et al. (1999). The DMS 
data shown (n = 3300) fall within an area of 30°W t o 60°E and 34°N to 77°N, selected to cover all 
European shelves including those of the Black and Azov Seas, and comprise 1929 shelf (≤ 200 m 
water depth) and 1371 open ocean samples (> 200 m water depth). Data from Table 3 not 15 
included in Figure 1 are predominantly from north-western European shelf areas in the North Sea 
(Nedwell et al., 1994; Archer et al., 2002; Burkill et al., 2002), off western Ireland (Locarnini et al., 
1998; Baker et al., 2000), the English Channel and the Celtic Sea (Kettle et al., 2001). Further data 
postdating Kettle et al. (1999) are from the eastern Mediterranean and Black Seas (Besiktepe et 
al., 2004) and from a variety of estuarine systems (Harrison et al., 1992; van Duyl et al., 1998; 20 
Bodenbender et al., 1999; Cerqueira and Pio, 1999; Moret et al., 2000; Despiau et al., 2002; Sciare 
et al., 2002). Thus, improvements in overall spatial coverage since Kettle et al. (1999) were 
comparatively few, except for estuarine systems and the fairly well studied areas around the British 
Islands. In the following we discuss our data compilation (Figure 1, Table 3) with regard to 
geographical and seasonal coverage around Europe.  25 
Barents, Greenland and Norwegian shelves. Except for very few measurements around Iceland 
(Holligan et al., 1993; Belviso et al., 2000), no data are as yet available for the large shelf areas of 
the Barents, Greenland and Norwegian Seas. DMS concentrations in adjacent open ocean waters 
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are variable. South of Iceland, low concentrations were observed in autumn (<0.3 nM, Belviso et 
al., 2000). A spring bloom in the central Barents Sea, dominated by diatoms and Phaeocystis 
pouchetii, showed moderate to high DMS concentrations (2.8 – 25.3 nM), which were attributed to 
physiological factors, frontal systems, and partial ice cover leading to reduced losses from air-sea 
exchange and photo-oxidation (Matrai and Vernet, 1997). The highest concentrations were 5 
reported for summer coccolithophore blooms south of Iceland (up to 45 nM, Holligan et al., 1993). 
Coccolithophore blooms are also common in the Barents and Norwegian Seas (Brown and Yoder, 
1994), and recent evidence suggests that rising sea surface temperatures and freshwater inputs 
may increase the frequency of coccolithophore blooms in the Barents Sea region (Smyth et al., 
2004). In the light of the above results and the large area coverage of the Barents, Greenland and 10 
Norwegian shelves (32% of European shelves, Table 1), their contribution to coastal European 
DMS emissions is likely to be important and requires further study.  
North and Irish Seas, including English Channel. The shelf areas around Britain and Ireland 
show the best data coverage around Europe (Figure 1, Table 3), particularly in the southern North 
Sea and the English Channel. DMS concentrations were highly variable, ranging from below 15 
0.1 nM to ‘hot spots’ reaching 312 nM (see http://saga.pmel.noaa.gov/dms/). Concentrations below 
0.1 nM were observed mostly in the winter months January and February, and only occasionally 
during late autumn (October to December) and early spring (March to April). DMS ‘hot spots’ with 
concentrations above 30 nM occurred mostly from May to July and were particularly abundant in 
the shallow waters of the southern North Sea along the Belgian, Dutch and German coasts (Liss et 20 
al., 1993; Turner et al., 1996), which are subject to high nutrient loads and pronounced tidal mixing 
(Otto et al., 1990). Other DMS ‘hot spots’ were associated with frontal systems along western 
Ireland and the Celtic Sea shelf break (Turner et al., 1988; Locarnini et al., 1998; Baker et al., 
2000; Uher et al., 2000), tidal fronts in the western English Channel and along the eastern UK 
coast (Holligan et al., 1987; Turner et al., 1988; Uher et al., 2000) and algal blooms in the north-25 
eastern North Sea (Turner et al., 1989).  
Pronounced patchiness of sea surface DMS was reported previously for other coastal areas 
such as the Peruvian upwelling, characterised by ‘hot spots’ of 50 to 200 km in diameter 
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superimposed on background levels around 3 nM (Andreae, 1985). On the European western 
continental margin, ‘hot spots’ occurred on distinctly smaller scales (<20 to 100 km diameter; 
average 40 km) and were estimated to enhance overall DMS concentrations by some 40% in July 
(Uher et al., 2000). These results indicate that ‘hot spots’ associated with distinct hydrographic 
features on the western European shelf significantly enhance summer DMS concentrations.  5 
There is evidence that hydrographic features such as tidal and shelf break fronts often support 
blooms of prominent DMSP producers. For example, high levels of DMS were observed in 
Phaeocystis blooms in the southern North Sea (Liss et al., 1994) and western English Channel 
(Holligan et al., 1987), in blooms of the dinoflagellate Gyrodinium aureolum in frontal systems in 
the western English Channel (Turner et al., 1988) and off western Ireland (Baker et al., 2000), and 10 
in coccolithophore blooms associated with frontal systems off northeast Scotland (Turner et al., 
1988) and in the western English Channel (Holligan et al., 1987). These findings suggest that the 
interplay between local hydrography, ecosystem structure and speciation is important with regard 
to DMS distribution patterns in coastal seas. 
Seasonal effects are arguably the most important control of DMS variability around the British 15 
islands. Turner et al. (1988) reported an approximately 70-fold difference between average DMS 
concentrations from January and July/August, similar to seasonal amplitudes reported for the 
southern North Sea (Turner and Liss, 1985; Turner et al., 1989; Liss et al., 1993; Nedwell et al., 
1994). The most comprehensive information on seasonal variations comes from a compilation of 
data collected in 1989 in the southern North Sea (Turner et al., 1996). This compilation presented 20 
spatially averaged monthly means with highest concentrations in May (25 nM) and lowest levels in 
February (0.13 nM). The monthly mean for May 1989 was approximately three times higher than 
that of previous cruises into the same area, indicating strong interannual variability in addition to 
seasonal changes. Turner et al. (1996) speculated that the high DMS levels in May 1989 were 
caused by unusually low air-sea gas exchange losses due to low wind speeds. However, modelling 25 
studies suggest that anthropogenic nutrient inputs into the southern North Sea favour high DMS 
levels associated with spring blooms of Phaeocystis around May (van den Berg et al., 1996). It is 
therefore plausible that the southern North Sea indeed exhibits a seasonal maximum around May, 
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even though the 1989 data may be unusually high. It is also worth noting in this regard that 
anthropogenic eutrophication may have caused a 2.5-fold increase in DMS in the southern North 
Sea (van den Berg et al., 1996). Therefore, the seasonal pattern in Turner et al. (1996) may be 
different from that of other parts of the North and Irish Seas, even though it may well be typical for 
the southern North Sea itself. Other work from temperate regions reported seasonal maxima 5 
around July (Leck et al., 1990; Dacey et al., 1998; Uher et al., 2000), i.e. significantly later than in 
the southern North Sea. This time lag may reflect distinct hydrography and ecosystem 
characteristics. Further regional time series studies are required to improve our understanding of 
contrasting seasonal patterns. 
Bay of Biscay and Western Iberian shelves. Measurements in the Bay of Biscay and along the 10 
Iberian Peninsula are comparatively few and are mostly from open ocean waters (> 200 m water 
depth, Staubes-Diederich, 1992; Uher et al., 2000). These data indicate background 
concentrations of 2 to 4 nM off the shelf, and local maxima from 7 to 19 nM in areas of wind-driven 
upwelling off western Iberia (Uher et al., 2000). Uher et al. (2000) observed enhanced DMS 
concentrations in upwelling filaments some 30 km off the western Iberian shelf break. These 15 
measurements were carried out in the early upwelling season, when cold-water filaments are only 
weakly developed. The areal extent of DMS ‘hot spots’ is likely to be greater at the height of the 
upwelling season around September, when upwelling filaments reach maximum lengths of 200 to 
250 km (Haynes et al., 1993). Additional measurements are required to assess the combined 
effects of upwelling and other seasonal factors on the DMS distribution off western Iberia.  20 
Baltic Sea, including Kattegat and Skagerrak. Data coverage in the Baltic Sea is limited to 
western parts of the Bothnian and Gotland basins, and to the Kattegat and Skagerrak, which 
connect the Baltic and North Seas (Leck et al., 1990; Leck and Rodhe, 1991). Data from the 
Kattegat and Skagerrak collected in July 1988 indicate surface concentrations from 3.4 nM to 7.5 
nM with an average of 4.7 nM. In the western Bothnian and Gotland basins, DMS concentrations 25 
were only around 2.5 nM with the lowest concentrations in the northwestern Bothnian basin (Leck 
and Rodhe, 1991). DMS concentrations collected along a transect extending from a Swedish fjord 
(Himmerfjärden) into the Gotland basin (September 1987, Leck et al., 1990) varied from 0.5 nM to 
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2 nM and showed highest DMS concentration near a sewage outlet within the fjord. The seasonal 
variation of DMS was studied at a coastal station in the western Gotland basin. Results from this 
time series indicate DMS concentrations below 0.3 nM before and after ice cover in December and 
March, enhanced concentrations following spring blooms in April/May, and a seasonal maximum of 
15 nM around July/August. This seasonal maximum was attributed to zooplankton grazing 5 
pressure inferred from zooplankton abundance (Leck et al., 1990). It is worth noting here, that no 
data are available so far for the Belt, Arkona, Bornholm and eastern Gotland basins, the Bothian 
Bay to the north, and the Gulfs of Riga and Finland. Given the restricted circulation between 
individual basins and the pronounced regional differences in the seasonal cycles of phytoplankton 
in the Baltic Sea (Ketchum, 1983), the seasonal pattern in the western Gotland basin may not be 10 
representative of the entire Baltic Sea.  
Mediterranean Sea. Previous work on the Mediterranean Sea reports mainly from the north-
western Mediterranean (Belviso et al., 1993; Simó et al., 1995; Simó et al., 1997) and from the 
waters around Greece ( Rapsomanikis, unpublished data as in Kettle et al., 1999) and Turkey 
(Besiktepe et al., 2004), and covers the months of April to July and October. No data are as yet 15 
available for the Tyrrhenian, Ionian and Adriatic Seas around Italy and for the Levantine Basin in 
the east. In the northwestern Mediterranean, DMS showed mean concentrations of 0.7 nM in April 
and 3.7 nM in June, and values up to 19 nM off the Ebro and Rhone deltas and off Barcelona 
(Simó et al., 1995; Simó et al., 1997). Samples collected in May in the central Ligurian Sea off 
Villefrache sur Mer showed concentrations around 4.6 nM. DMS concentrations in the southern 20 
Mediterranean Sea in September (< 0.5 nM to 23 nM) were broadly similar to those in the 
northwestern Mediterranean, but are excluded from Table 3, because they only report open ocean 
data outside Europe (Belviso et al., 2003). Around Greece, DMS concentrations varied from 0.2 
nM to 18.1 nM (average: 3.7 nM), with highest values off Corfu (18.1 nM) and Amvrakikos Bay (5 
to 8 nM), western Greece ( Rapsomanikis, unpublished data as in Kettle et al., 1999). In October, 25 
DMS concentrations in the Aegean and north-eastern Mediterranean were lower (average: 2.4 
nM), while sewage-affected areas in the Marmara Sea showed up to 7 nM DMS (Besiktepe et al., 
2004). Overall, the results presented above appear to indicate seasonal variation with higher 
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values towards late spring / summer, and also increased DMS concentrations in near-coastal 
areas affected by terrestrial and anthropogenic inputs.  
Black Sea and Sea of Azov. DMS concentrations are available for north-western and south-
eastern areas in the months July and October, respectively (Amouroux et al., 2002; Besiktepe et 
al., 2004). The mean DMS concentration on the north-western shelf was 7.5 nM, slightly below the 5 
average of 8.2 nM for the open Black Sea. The highest DMS levels (up to 12 nM) were 
encountered within the Danube plume. However, chlorophyll-normalised DMS concentrations 
increased with increasing salinity. These findings suggest that the plankton communities in the 
open Black Sea were more prolific DMS producers than those on the shelf, in broad agreement 
with earlier results from U.S. east coast estuaries (Iverson et al., 1989). Hence, the DMS 10 
distribution was attributed to the combined effects of riverine inputs and algal speciation on DMS 
production (Amouroux et al., 2002). Limited data from the south-eastern Black Sea in October 
indicate little spatial variation around a mean DMS concentration of 1.4 nM (Besiktepe et al., 2004), 
and may be explained by seasonal changes similar to those observed in the southern North Sea 
(Turner et al., 1996). Further work is required to improve our knowledge of spatial and temporal 15 
variability in the Black Sea. Future studies should also include the shallow Azov Sea, which has 
been neglected in previous work.  
Estuarine systems. The last section in Table 3 summarises DMS measurements from a variety 
of estuarine systems, including data from 6 western European estuaries, Norsminde Fjord 
(Denmark), the western Wadden Sea (Netherlands), Ría de Aveiro (Portugal), Toulon Bay (French 20 
Mediterranean), Venice Lagoon (Northern Adriatic), and from intertidal areas of southeast England 
and the German Wadden Sea. The average DMS concentration in six western European estuaries, 
calculated from average concentrations in the salinity range 0 to 30 with equal weighting for each 
individual estuary, was 1.3 nM (Sciare et al., 2002), significantly lower than that in adjacent shelf 
waters (see Table 3). Data from the Scheldt estuary in May and July were only 25 to 50 percent 25 
higher than in December, suggesting that the seasonal amplitude of estuarine DMS is small and 
significantly below that in the adjacent southern North Sea (Turner et al., 1996). Variability between 
estuaries was also low. For example, average DMS concentrations in the Elbe, Ems, Scheldt, and 
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Gironde estuaries all fell into the range 0.2 nM to 0.7 nM, and only the Loire (1.3 nM) and Rhine 
(4.2 nM) estuaries showed slightly higher DMS levels. In contrast to low seasonal and inter-
estuarine variability, DMS varied strongly with salinity. Local maxima at salinities below 10 were 
observed in the Scheldt (1.2 to 2.4 nM) and Loire (3.8 nM) estuaries. Local maxima (1.4 to 2.5 nM) 
were also observed near the mouths of the Elbe, Ems and Gironde estuaries. With the exception of 5 
one December transect in the Scheldt estuary, all estuaries also showed an overall trend towards 
increasing DMS with increasing salinity. This trend was strongest in the outer Rhine estuary, where 
DMS levels reached 10 nM at salinity 30. The axial DMS distribution was attributed to patterns of 
phytoplankton abundance and increasing levels of DMS-producing plankton with increasing salinity 
(Sciare et al., 2002), as previously reported from U.S. east coast estuaries (Iverson et al., 1989). 10 
Comparison of the above findings and estuarine typology (Lemaire et al., 2002) suggests lowest 
DMS in estuaries with high suspended matter loads (Ems, Gironde) and highest DMS in seaward 
sections characterised by high inorganic nutrients loads, short residence times and moderate 
suspended loads (Elbe, Rhine). Thus, estuarine typology might help to identify estuaries likely to 
show enhanced DMS levels.  15 
Along the southern North Sea, DMS was also studied in other estuarine systems, characterised 
by reduced freshwater inputs and pronounced tidal mixing. In the Oosterscheldt, a former estuarine 
channel of the River Scheldt (Dutch southwest coast), average DMS levels in May 1985 were 
7.0 nM and reached a maximum of 22.7 nM (Turner, unpublished data from Kettle et al. (1999)). 
Time series studies in the Marsdiep, a tidal inlet in the south-western Wadden Sea, showed 20 
pronounced seasonality characterised by low winter values (0.07 nM to 0.81 nM), a sudden 
increase to an annual maximum of 17 to 40 nM in April (monthly mean ca. 11 nM) followed by 
elevated levels around 7 nM in late spring / early summer (Kwint and Kramer, 1996; van Duyl et 
al., 1998). The annual DMS maximum was associated with spring blooms dominated by 
Phaeocystis globosa and the DMS decrease in late April / May was attributed to a shift from DMSP 25 
cleavage (forming DMS) to demethylation during the late stages of the bloom (van Duyl et al., 
1998). It is worth noting that the annual DMS maximum in the Wadden Sea appears to occur 
approximately one month earlier than that in the adjacent North Sea (Turner et al., 1996) and 2-3 
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months earlier than that in the Baltic Sea (Leck et al., 1990). DMS concentrations in the Norsminde 
Fjord at the eastern coast of Jutland, Denmark, were 2.2 nM (Jørgensen and Okholm-Hansen, 
1985), much lower than in the Wadden Sea.  
Further seasonal information is available from estuarine systems of south-western Europe on 
the Portuguese Atlantic coast, the French Mediterranean coast and in the Adriatic. In the Canal de 5 
Mira, an elongated shallow arm extending south from the inlet of Ría de Aveiro (Portugal), average 
DMS levels were 2.9 nM and 5.3 nM in winter and summer, respectively, and reached levels up to 
20 nM during summer maxima (Cerqueira and Pio, 1999). DMS concentrations in Toulon Bay in 
the north-western Mediterranean Sea varied from 3.6 to 21 nM (average: 9.8 nM) (Despiau et al., 
2002). Interestingly, no clear, seasonal pattern was evident in Toulon Bay. Instead, DMS 10 
concentrations remained high throughout the year and showed peak concentrations of up to 15 nM 
in January. The elevated DMS levels in Toulon Bay were attributed to effects of anthropogenic 
inputs, which were particularly strong in the eutrophic, inner bay. The shallow lagoon of Venice in 
the northern Adriatic also displayed enhanced DMS levels around an annual average of 4.6 nM 
(Moret et al., 2000). DMS levels were lowest from September to January (ca. 1 to 2 nM ) and 15 
highest during phytoplankton blooms from late winter to early spring. While this pattern appears to 
be similar to that found in the south-western Wadden Sea (Kwint and Kramer, 1996), winter levels 
were significantly higher and elevated spring and summer levels were sustained over a longer 
period.  
The emission of DMS from intertidal areas was studied in the northern German Wadden Sea 20 
(Bodenbender et al., 1999), and on the south-eastern UK (Harrison et al., 1992) and Portuguese 
coasts (Cerqueira and Pio, 1999). Emissions from unvegetated mud flats in the Canal de Mira, Ría 
de Aveiro (Portugal), showed a seasonal pattern with a maximum around July, and dominated the 
DMS flux from the study area during low tide, when the exposure of intertidal areas was highest. 
Interestingly, mud flat emissions exceeded sea-to-air emissions during winter and still accounted 25 
for 37% of total emissions in summer, when dissolved DMS levels were highest. These data 
indicate that DMS emissions from mud flats may be regionally important dependent on their areal 
extent (Cerqueira and Pio, 1999). Data from unvegetated mud flats in the Colne Estuary, UK, and 
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the northern German Wadden Sea indicate only moderate to low DMS emissions despite high 
DMS porewater concentrations (3.7 – 7.8 µM, Harrison et al., 1992). These low DMS emissions 
are in broad agreement with DMS emissions from unvegetated intertidals reported in Dacey et al. 
(1987). In contrast, vegetated areas such as Spartina alterniflora salt marshes may be significant 
even on global scales (Dacey et al., 1987). However, no reports are available for vegetated 5 
intertidal areas within Europe.  
In summary, estuarine systems (with the exception of estuaries with high suspended matter 
load) appear to be able to sustain elevated DMS levels similar to those found in productive shelf 
areas such as frontal systems and the southern North Sea. The seasonal patterns, however, are 
different from those on the shelf, particularly with regard to elevated winter concentrations and a 10 
shift of the seasonal maximum towards early spring. These features may result from the combined 
effects of geomorphology, terrestrial and anthropogenic inputs on local hydrography and 
ecosystem characteristics. Similarly, enhanced DMS levels were consistently found in estuarine 
systems such as Himmerfjärden (Baltic Sea), Amvrakikos Bay (Mediterranean Sea) and in near-
coastal waters affected by river plumes (e.g. Ebro, Rhone, and Danube plumes). Therefore, 15 
terrestrial and anthropogenic inputs seem to have locally significant effects on DMS distribution. 
However, given that the surface area of estuarine systems is comparatively small (i.e. 5% of the 
surface area of EU shelves) and that DMS concentrations in estuarine systems don’t exceed those 
in ‘hot spots’ on the shelf, the contribution of estuarine systems to EU shelf emissions is probably 
modest despite their potential to be significant locally.  20 
 
 
3.1.3. Dimethylsulphide emissions 
Local DMS flux estimates in Table 3 span two orders of magnitude with an average near 9 µmol 
m-2 d-1. Some of this variability is undoubtedly due to spatio-temporal variability in surface wind 25 
speeds used in the calculation of DMS sea-to-air flux. In addition, the choice of air-sea gas-
exchange models used to calculate the DMS fluxes also contributes to the considerable variability 
in Table 3 (see Upstill-Goddard, this issue). Here, it is worth noting that the uncertainty in the 
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spatio-temporal distribution of sea surface DMS is most probably more important than variability 
from air-sea exchange models and wind speed data, which together account for an estimated 
uncertainty of around 50% (Kettle and Andreae, 2000). Therefore, the following discussion will 
focus on the much larger uncertainties related to regional and seasonal data coverage.  
Our discussion of available DMS data already highlighted three important issues regarding the 5 
current data coverage. Firstly, no data are as yet available for the Barents, Greenland, and 
Norwegian shelves, the Azov Sea, the Adriatic (Northern Mediterranean Sea) and large parts of 
the Baltic Sea (See Figure 1, Table 3). These areas alone account for some 50% of the total 
European shelf area (Table 1). Hence, DMS emissions from European shelves seem poorly 
constrained with regard to spatial data coverage alone. Secondly, DMS data are strongly biased 10 
towards the summer months, with some 80% of shelf data collected from April to September and 
ca. 47% of shelf data alone collected in the summer months June and July, i.e. near the annual 
maximum of sea surface DMS (see Kettle et al., 1999). In addition, full seasonal coverage appears 
to be limited to parts of the Baltic and North Seas, the English Channel and some estuarine 
systems, whereas winter data are unavailable for the Irish and Celtic Seas, the Bay of Biscay and 15 
western Iberian shelves, and the Mediterranean and Black Seas. Furthermore, significant 
differences between the seasonal patterns of distinct study areas such as the southern North Sea, 
the Baltic Sea and some estuarine systems preclude straightforward extrapolations of seasonal 
patterns to shelf regions with inadequate data coverage. Thirdly, the DMS distribution on the 
European shelf is characterised by pronounced mesoscale variability with ‘hot spots’ of elevated 20 
DMS concentrations often related to regional hydrographical features. These ‘hot spots’ appear to 
be more widespread in summer, when they are believed to enhance summer DMS concentrations 
significantly (Uher et al., 2000). Thus, mesoscale variability seems tied to seasonal variability, 
probably via combinations of geophysical and ecological controls operating on regional scales.  
Given the strong regional and seasonal variability of sea surface DMS, improved emission 25 
estimates should ideally be based on climatological fields of DMS concentrations and geophysical 
variables integrated via regional biogeography. However, such an approach would still be 
constrained by the inadequacies of available data coverage and would also require further detailed 
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analysis, which is beyond the scope of this review. Nevertheless, based on the DMS 
concentrations assembled in Kettle et al. (1999), it is possible to derive a preliminary emission 
estimate, that might serve as a guide to future work.  
A first guess for the mean, annual DMS concentration on European shelves and adjacent open 
ocean waters was obtained by interrogating the DMS database from Kettle et al. (1999). First, the 5 
data subset shown in Figure 1 was divided into winter (Oct-Mar) and summer (Apr-Sep) subsets 
for shelf (water depth ≤200 m) and open ocean areas (water depth ≤200 m), and the arithmetic 
mean was calculated for each. To minimise seasonal bias, the mean, annual DMS concentrations 
were then calculated as the arithmetic means of winter and summer concentrations. For European 
shelves, winter and summer averages were 0.76 nM and 8.43 nM, respectively. For comparison, 10 
the means of adjacent open waters, derived in the same manner, showed 1.86 nM in winter and 
6.20 nM in summer. However, the comparatively high winter mean in the open ocean was most 
likely an overestimate, because it was solely based on few data from the month October (n = 84), 
which were much higher than lowest winter concentrations on the neighbouring European shelf (< 
0.1 nM, Table 3). The summer concentrations on the shelf seem only 36% higher than those in the 15 
open ocean. However, the comparatively high summer average for the adjacent open ocean is 
also likely due to bias towards mid-summer, as illustrated by the low number of measurements 
outside June / July (n = 411, i.e. only ca. 32 % of all open ocean summer measurements). 
Furthermore, seasonal averages calculated from equally weighted monthly means were 7.3 nM 
and 5.0 nM for shelves and open oceans, respectively, suggestive of a shelf/open ocean ratio of 20 
approximately 1.5. These preliminary results appear to suggest that overall summer concentrations 
on European shelves are significantly higher than those in the adjacent open ocean. However, 
further work is necessary to better constrain the effects of spatial and seasonal bias.  
On the basis of winter and summer means in Table 4, we estimated the annual means for 
European shelves and open oceans at 4.6 nM and 4.0 nM, respectively. The annual mean for the 25 
open ocean areas is skewed towards mid-summer and therefore excluded from further discussion. 
Our annual mean for European shelves (4.6 nM) is significantly higher than annual means for 
coastal areas from Andreae (1990 , 2.8 nM) and Bates et al. (1987 , 1.2 nM). Some of these 
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differences, however, may be plausibly explained by differences in the classification and extent of 
‘coastal’ areas. For example, the coastal area in Andreae (1990), classified according to annual 
primary production, is roughly twice that of global physiographic shelves (Menard and Smith, 
1966), and likewise coastal areas from Bates et al. (1987) denote larger areas with water depth 
below 400 meters. Therefore, lower concentrations in Andreae (1990) and Bates et al. (1987) may 5 
be due to the inclusion of lower concentrations in open ocean waters adjacent to the shelf. In 
addition, the low value from Bates et al. (1987) was entirely based on measurements from the US 
west coast (20 to 50° N) and therefore probably ref lected regional differences between eastern 
Pacific and European shelves.  
In order to assess the importance of estuarine environments, we also calculated the annual, 10 
mean DMS concentration of European estuarine systems. As most of the estuarine data in Table 3 
were not included in Kettle et al. (1999), we assembled these data by season and obtained winter 
and summer means by applying equal weighting to each individual study area. We obtained winter 
and summer means of 2.32 nM and 3.77 nM, respectively, with an annual mean of 3.05 nM (Table 
4), i. e. slightly below that of European shelves. These preliminary results indicate that European 15 
estuarine and shelf concentrations are broadly similar to each other but higher than global means 
for the coastal ocean from previous work.  
In order to assess the importance of emissions from European shelves, we estimated the DMS 
flux from European shelves and estuarine systems from their respective areas, seasonal means of 
DMS concentrations, and ancillary data in Table 2. Our preliminary estimate indicates winter 20 
emissions of 1.7 Gmol a-1 and summer emissions of 14.5 Gmol a-1, which combine to annual 
emissions of 16.3 Gmol a-1. By comparison, annual emissions from European estuarine systems 
alone only account for 0.6 Gmol a-1, i.e. less than 4 percent of emissions from European shelves. 
These findings indicate that estuarine systems make only a minor contribution to European coastal 
DMS emissions, chiefly due to their limited surface area. Similarly, DMS emissions from intertidal 25 
areas are also likely to be small. For example, assuming mean annual DMS fluxes of 1 to 2 µmol 
m-2 d-1 from intertidal areas (Table 3) and an intertidal surface area of 0.05 x 106 km2 (see section 
2.1) yields annual emissions in the order of 0.015 to 0.03 Gmol a-1, i.e. less than 0.2% of emissions 
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from European shelves. While this rather crude estimate remains poorly constrained with regard to 
spatial coverage, intertidal areas seem unlikely to contribute significantly to the European DMS 
budget, mainly as a consequence of modest emission rates and limited areal extent  
The significance of European coastal DMS emissions may be illustrated further by comparison 
with recent estimates of global emissions. For example, our European coastal emissions from 5 
Table 4 account for approximately 2.3% of global emissions from Kettle and Andreae (2000, 0.7 
Tmol DMS a-1). Given that European shelves contribute only 0.9% to the global ocean surface 
area, our preliminary estimate indicates a disproportionately large contribution to global emissions, 
i.e. roughly three times higher than the global average per area unit. In summary, we find that 
European coastal waters make a small but significant contribution to global emissions.  10 
 
3.2. Carbonyl sulphide (COS) 
3.2.1. COS biogeochemical cycling 
COS cycling. COS in surface seawater is mainly produced photochemically (Ferek and 
Andreae, 1984), possibly via photosensitised oxidation of low molecular weight sulphur compounds 15 
(Zepp and Andreae, 1994) or by photodegradation of dissolved organic matter (DOM) itself (Uher 
and Andreae, 1997b). COS formation rates are highest in the UV-B range and decrease with 
increasing wavelengths (Zepp and Andreae, 1994; Weiss et al., 1995a), consistent with the 
involvement of humic-like coloured dissolved organic matter (CDOM) either as photosensitiser or 
as substrate. COS production rates generally increase with increasing dissolved organic matter 20 
abundance and are closely linked with optical CDOM characteristics (Uher and Andreae, 1997b). 
On this basis, the distribution pattern of COS, with highest concentrations in near-coastal waters, 
was attributed to variations in CDOM abundance (Zepp and Andreae, 1994; Weiss et al., 1995a; 
Ulshöfer et al., 1996; Uher and Andreae, 1997a). COS may also be formed via dark, non-
photochemical pathways, as has been inferred from differences between calculated hydrolysis 25 
rates (Elliott et al., 1989) and the observed dark decay of dissolved COS at the sea surface (Flöck 
and Andreae, 1996; Ulshöfer et al., 1996; von Hobe et al., 2002) or in laboratory incubations 
(Weiss et al., 1995a; Uher and Andreae, 1997b). This dark production has been parameterised as 
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a function of temperature and mid-UV CDOM absorbance (von Hobe et al., 2002) and may be 
explained by reactions of polysulphides with carbon monoxide (Kamyshny et al., 2003) or microbial 
pathways such as thiocyanate hydrolysis (Katayama et al., 1993). Stimulation of COS release after 
addition of thiocyanate to soils was attributed to thiocyanate degraders (Lehmann and Conrad, 
1996). It is plausible that thiocyanate degraders may also contribute to microbial COS production 5 
observed in estuarine sediments (Cutter and Radford-Knoery, 1993) and intertidal areas (Aneja et 
al., 1979).  
The dominant sink of dissolved COS is its hydrolysis to CO2 and H2S. COS turnover due to 
hydrolysis shows rate constants ranging from hours to days, dependent on seawater temperature 
and pH (Elliott et al., 1989), and accounts for up to 98% of COS removal (Uher and Andreae, 10 
1997a). Since photoproduction and hydrolysis rates are of similar magnitude, dissolved COS 
shows a pronounced diel cycle with maximum concentrations in the afternoon and lowest 
concentrations before sunrise (Andreae and Ferek, 1992; Mihalopoulos et al., 1992; Ulshöfer et al., 
1996; Uher and Andreae, 1997a). This diel cycle is also affected by vertical mixing and by daily 
patterns of mixed layer stratification with reduced downward mixing towards the afternoon (Doney 15 
et al., 1995; Najjar et al., 1995). Omission of night time sampling can therefore bias emission 
estimates significantly (Mihalopoulos et al., 1992).   
The photochemical nature of COS production leads also to strong seasonal variations in mid to 
high latitude regions (Mihalopoulos et al., 1992). This seasonal variation may even lead to 
persistent undersaturation with respect to atmospheric concentrations and consequently to oceanic 20 
uptake of atmospheric COS (Ulshöfer et al., 1995). Recent work reported persistent 
undersaturation in oligotrophic areas of the subtropical Pacific Ocean (Weiss et al., 1995b) and 
night-time undersaturation in large parts of the Atlantic Ocean (Xu et al., 2001). These results led 
to significant downward revisions of open ocean COS emissions (Weiss et al., 1995b; Xu et al., 
2001) and further illustrate the need for representative seasonal and regional data coverage.  25 
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3.2.2. COS distribution  
Table 5 summarises available COS measurements on European shelves and adjacent open 
ocean waters. Results in Table 5 are grouped by study area, starting with north-western European 
shelf (Northeast to Southwest), followed by enclosed seas (Mediterranean Sea) and estuarine 
systems.  5 
North and Irish Seas, including English Channel. COS measurements around Britain are limited 
to the southern North Sea and English Channel regions (Table 5). In the southeastern North Sea, 
average COS concentrations varied from 49 pM to 118 pM (Staubes-Diederich, 1992; Uher and 
Andreae, 1997a; Ulshöfer and Andreae, 1998), and highest diel maxima up to 365 pM were 
observed in the Elbe plume towards end of April. COS concentrations in near-coastal waters off 10 
southern England and northern France were slightly higher than those in the southeastern North 
Sea (Turner and Liss, 1985; Watts, 1991; Mihalopoulos et al., 1992). Summer data from the 
English Channel and Celtic Sea region suggested similar COS concentrations and showed highest 
COS levels during June (160 pM , Xu et al., 2001) and August (350 pM, Staubes-Diederich, 1992). 
Overall, these results suggest that near-coastal waters affected by terrestrial inputs show the 15 
highest COS concentrations.  
The data in Table 5 also provide evidence for pronounced seasonal changes in sea surface 
COS. The only mid-winter data available are from the NE Atlantic ocean and adjacent Celtic Sea 
shelf (Ulshöfer et al., 1995). These results suggest that winter uptake of atmospheric COS may 
also occur in parts of the coastal ocean. However, supersaturation in the months October and 20 
November (Staubes-Diederich, 1992; Kettle et al., 2001; Xu et al., 2001) suggests that this winter 
sink, should it exist, is probably limited to a period around the winter solstice when light levels are 
lowest. COS concentrations in summer were ca. 50 pM to 150 pM, and thus more than ten times 
higher than lowest winter concentrations (ca. 5 pM).  
Bay of Biscay and Western Iberian shelves. Measurements in the Bay of Biscay and off western 25 
Iberia are mostly from open ocean waters and suggest slightly elevated COS levels off Northwest 
Iberia in June (ca. 25 pM, Xu et al., 2001) and August (ca. 60 pM, Staubes-Diederich, 1992). 
Previous work also noted similar, elevated COS levels in the West African (Xu et al., 2001) and 
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Peruvian upwellings (Ferek and Andreae, 1983). It is therefore plausible to assume that regional 
upwelling may have caused the enhanced COS levels off Northwest Iberia, possibly via changes in 
DOM nature and abundance. Further studies are required to assess the importance of upwellings 
for COS distribution and flux.  
Mediterranean Sea. Summer concentrations in coastal waters of the north-western 5 
Mediterranean and around Greece suggest COS concentrations around 50 pM and significant 
supersaturation (SR: 5.2 to 7; Table 5), approximately two to three times higher than those in 
adjacent open ocean waters (Mihalopoulos et al., 1992; Ulshöfer et al., 1996). These data indicate 
that the coastal Mediterranean Sea is a significant source of atmospheric COS in summer. No data 
on seasonal changes are available so far. However, seasonal studies from coastal waters of 10 
similar latitude suggest persistent supersaturation throughout the year (Mihalopoulos et al., 1992).  
Other Coastal Shelf Areas. No data are as yet available for the large shelf areas of the Barents, 
Greenland and Norwegian Seas. For open ocean waters of comparable latitude, available data 
suggest slight undersaturation (arctic; 65° - 80° l atitude: saturation ratio (SR) = 0.85), and for 
subarctic waters (50° - 65° latitude) compiled satu ration ratios (SR) for winter and summer are 0.95 15 
and 1.78, respectively (Ulshöfer and Andreae, 1998). These data indicate moderate annual 
emissions from areas with latitudes ≥ 50°, probably due to moderate, annual irradiance l evels 
combined with low hydrolysis losses at cold sea surface temperatures (< 0°C to 13°C). It is 
plausible to assume higher COS levels in shelf waters, because firstly photoproduction rates are 
expected to be higher in coastal waters affected by terrestrial inputs, and secondly downward 20 
mixing of surface-produced COS may be limited by bottom topography. Given the large shelf areas 
of the Barents, Greenland and Norwegian shelves (32% of European shelves, Table 1), further 
studies are required to assess their contribution to European COS emissions.Other important shelf 
areas currently without data coverage include the Baltic Sea, and the Black and Azov Seas. Thus 
geographical coverage remains comparatively poor and restricted to less than one quarter of 25 
European shelf areas.  
Estuarine systems. European estuarine waters showed average COS concentrations of 
approximately 200 to 800 pM, roughly one order of magnitude higher than those in adjacent 
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coastal waters (Jørgensen and Okholm-Hansen, 1985; Watts, 1991; Harrison et al., 1992; Sciare 
et al., 2002). Highest COS levels were reported for the Rhine estuary (up to 1010 pM) in July, and 
attributed to the combination of moderate turbidity levels and high solar elevations near the 
summer solstice (Sciare et al., 2002). In contrast, lowest COS were observed in the turbidity 
maximum zones of Ems, Scheldt, and Gironde, and the lowest average COS concentration was 5 
observed in the turbid Gironde estuary in September (170 pM). Thus, estuarine COS levels were 
attributed to the combined effects of estuarine turbidity and solar elevation on COS 
photoproduction (Sciare et al., 2002). Large DOM gradients and diel variations in photoproduction 
are also likely to contribute to the pronounced variability of estuarine COS (Ulshöfer and Andreae, 
1998). Data from European estuaries in Sciare et al. (2002) cover the months May to September 10 
but do not show a clear seasonal trend. Likewise, previous work in U.S east coast estuaries found 
highly variable COS levels (60 pM – 1470 pM) but no definitive seasonal trend (Zhang et al., 1998). 
The only data set with annual coverage is from the Colne estuary, southeast England (Harrison et 
al., 1992), and suggests mean winter and summer concentrations of 234 pM and 742 pM, 
respectively. These observations indicate a summer/winter ratio of approximately 3, in broad 15 
agreement with results from open ocean areas of similar latitude in the Northeast Atlantic (Ulshöfer 
et al., 1995). Given the pronounced seasonal variability observed in the Colne estuary, it seems 
plausible that seasonal variations in other work may have been masked by the high spatial and diel 
variability of estuarine COS.  
The seasonal cycle of COS emissions from intertidal areas was studied in detail at two coastal 20 
sites in the southern North Sea (Table 5). Annually averaged flux rates were 800 to 900 nmol m-2 d-
1
 (Harrison et al., 1992; Bodenbender et al., 1999), i.e. similar to sea-to-air flux rates from estuaries 
(Zhang et al., 1998) and approximately ten times higher than corresponding flux rates from 
adjacent shelf areas (Table 5). Importantly, emissions from intertidal areas remained high in winter 
(Harrison et al., 1992; Bodenbender et al., 1999). These results, together with the persistently high 25 
COS levels in estuarine surface waters suggest that estuarine systems may be locally significant 
COS sources throughout the entire year.  
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3.2.3. COS emissions 
As for DMS, limited geographical and seasonal data coverage is arguably the largest 
uncertainty in current COS emission estimates. Spatial coverage is much weaker than that for 
DMS and heavily biased towards shelf waters along the western European coast (southern North 
Sea, English Channel), while approximately three quarters of European shelves remain unstudied 5 
to date (see Tables 1 and 5). In contrast to DMS, limited geographical coverage is also aggravated 
by pronounced concentration differences between shelf waters (5 - 140 pM) and estuarine systems 
(170 pM - 775 pM). Given the persistently high COS levels in estuarine and near-coastal waters, 
defining the spatial extent of these waters seems particularly important. Furthermore, seasonal 
variations in photoproduction and downward mixing cause pronounced seasonal changes in sea 10 
surface COS concentrations (see, Ulshöfer et al., 1995). Importantly, low winter levels may lead to 
undersaturation and ocean uptake of atmospheric COS. However, winter data are scant and 
restricted to parts of the Celtic Sea and English Channel (Ulshöfer et al., 1995; Xu et al., 2001). 
Consequently, the spatial and temporal extent of coastal ocean COS uptake remains poorly 
constrained and urgently requires further study.  15 
The limitations of current data coverage around Europe still preclude detailed COS emission 
estimates on regional scales. Nevertheless, currently available data are sufficient to distinguish 
between shelf waters and estuarine systems and to consider winter/summer scenarios. We 
grouped the data in Table 5 by season into winter (October to March) and summer data (April to 
September) and obtained winter and summer means by applying equal weighting to each 20 
individual study area. When only saturation ratios were reported, COS concentrations were 
calculated using Henry’s constant (1995) and an average atmospheric COS mixing ratio for 
European shelf areas of 606 ppt COS, obtained from atmospheric measurements in European 
coastal areas reported in Staubes-Diederich (1992), Uher and Andreae (1997a), Ulshöfer and 
Andreae (1998) and Ulshöfer et al. (1996) (Table 5). For European shelves, winter and summer 25 
averages were 40 pM and 100 pM, respectively, thus showing a summer/winter ratio of 2.5 (Table 
6). The mean winter concentration of COS obtained in this way is significantly higher than the 
lowest reported winter concentrations from the European shelves (ca. 5 pM) (Ulshöfer et al., 1995), 
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and suggests that European shelf waters remain supersaturated for most of the year. By 
comparison, the seasonal means of estuarine waters, derived in the same manner, were 258 pM in 
winter and 433 pM in summer. These results clearly imply persistently high winter levels of 
dissolved COS corresponding to pronounced supersaturation ratios of approximately 14. 
Therefore, estuarine systems represent strong COS sources in both winter and summer. On the 5 
basis of winter and summer means, we estimated the annual mean COS concentrations 
(saturation ratios) in European shelf and estuarine waters at 70 pM (3.8) and 346 pM (19), 
respectively (Table 6). Thus, the annually average COS concentration of estuarine systems seems 
approximately five times higher than that on the shelf.  
Our summer mean (100 pM; SR = 5.5) is in good agreement with previous seasonal estimates 10 
in Mihalopoulos et al.(1992) and Ulshöfer and Andreae (1998). Our winter mean (40 pM; SR = 2.2) 
is approximately two-fold lower than previous seasonal estimates (Mihalopoulos et al., 1992; 
Ulshöfer and Andreae, 1998), reflecting low COS concentrations from recent work in the Celtic Sea 
and English Channel areas (SR = 0.9) (Ulshöfer et al., 1995; Xu et al., 2001). Our annual mean for 
European shelf waters is therefore slightly below that of previous estimates for 15 
subtropical/temperate (Mihalopoulos et al., 1992; Ulshöfer and Andreae, 1998) and global 
coastal/shelf areas (Andreae and Ferek, 1992). These differences may be explained by spatial and 
seasonal variability, because the estimates in Mihalopoulos et al. (1992) and Ulshöfer and Andreae 
(1998) are for lower latitudes (20° to 50° latitude ) and include higher winter data (SR = 4.5) from 
the subtropical Indian Ocean (Mihalopoulos et al., 1992). Furthermore, we have for the first time 20 
distinguished between shelf waters and estuarine systems, and therefore our shelf average was 
expected to be below those reported in previous work.  
As for DMS (section 3.1.3) we calculated COS emission estimates from the surface areas of 
European shelves and estuarine systems, seasonal COS concentrations, and ancillary data in 
Table 2. For the calculation of the COS concentration difference across the air-sea interface we 25 
used a mean atmospheric mixing ratio of 606 ppt COS (see section 3.2.3 above). For the 
European shelf, we estimated winter and summer emissions of 0.05 Gmol a-1 and 0.15 Gmol a-1, 
combining to annual emissions of 0.19 Gmol a-1. By comparison, European estuarine systems 
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alone account for emissions of 0.07 Gmol a-1, i.e. for some 37 percent of COS emissions from 
European shelves. These preliminary data clearly indicate that estuarine systems contribute 
significantly to COS emissions, mainly due to persistently high COS concentrations throughout the 
entire annual cycle. We also estimated annual COS emissions from intertidal areas based on flux 
rates from Table 5 and a surface area of 0.05 x 106 km2 (see section 2.1). Our initial estimate 5 
indicates modest emissions of 0.013 Gmol a-1, i.e. significantly less than COS emissions from 
estuarine waters. These results suggest that intertidal areas may be locally important COS 
sources, but less likely to make a significant contribution to the European coastal COS source. 
The importance of European coastal COS emissions can be further illustrated by comparison 
with previous estimates of the global marine COS source by Ulshöfer and Andreae (1998). The 10 
combined European estuarine and shelf sources account for 0.26 Gmol a-1, Thus, the European 
coastal source accounts for approximately 37 percent of global coastal emissions and 7 percent of 
global marine emissions, respectively (Ulshöfer and Andreae, 1998). This disproportionately large 
contribution may be explained by two issues related to our approach towards the geographical 
classification of European coastal waters. Firstly, we considered European shelf areas above 15 
50°N, which had been excluded from previous estimat es (Mihalopoulos et al., 1992; Ulshöfer and 
Andreae, 1998). Therefore, our European shelf area from Table 1 accounts for more than one 
quarter of the global coastal area used in previous estimates (Mihalopoulos et al., 1992; Ulshöfer 
and Andreae, 1998). Secondly, we considered separate contributions from estuarine systems, 
which may account for up to one third of our coastal European source. In summary, our results 20 
indicate that European coastal waters, and estuarine systems in particular, contribute significantly 
to global ocean COS emissions.  
 
3.3. Carbon disulphide (CS2) 
3.3.1. CS2 biogeochemical cycling 25 
The production pathways of CS2 are less well studied than that of COS. Earlier work by 
Lovelock (1974) showed that CS2 concentrations in porewaters of surficial sediments of a stagnant 
bay were approximately five times higher than those in the overlying water. These results together 
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with the finding that CS2 concentrations generally increase towards the coast (Lovelock, 1974; Kim 
and Andreae, 1992) have lead to the speculation that sedimentary inputs may be an important 
source in shallow coastal waters. However, to our best knowledge the sedimentary source strength 
has never been quantified, and as yet sediment profiles are only available for exposed intertidal 
areas (Bodenbender et al., 1999). Therefore, the overall contribution of sedimentary production to 5 
dissolved CS2 remains unclear. Recent work identified additional, photochemical and 
phytoplankton-related production pathways that help explaining the CS2 supersaturation in deeper 
waters, where sedimentary inputs are unlikely to occur (Xie et al., 1998; Xie et al., 1999). As for 
COS, CS2 photoproduction is closely related to CDOM absorbance in the mid-UV range and 
increases upon addition of low molecular weight organosulphurs such as cysteine, consistent with 10 
the idea of photosensitised oxidation of reduced sulphur compounds. Further evidence for a 
photochemical CS2 source comes from recent observations that sea surface concentrations of CS2 
display diel cycles similar to those of COS albeit with a smaller diel amplitude (Staubes et al., 
1990; Kettle et al., 2001). The smaller diel variation may be attributed either to comparatively slow 
CS2 removal (Kettle et al., 2001) or to the presence of additional non-photochemical source terms. 15 
Algal CS2 production was observed in axenic monocultures of marine phytoplankton species, and 
was shown to vary strongly between species and with physiological state (Xie et al., 1999). Given 
the absence of in-situ production rates and the strong variability observed in laboratory 
incubations, conclusions regarding the role of algal CS2 production remain speculative. 
Nevertheless, scaling of laboratory rates to the global ocean suggested that algal CS2 production 20 
may potentially be important if CS2 producers were indeed widespread (Xie et al., 1999). However, 
field observations so far showed little correlations between CS2 concentration and indicators of 
phytoplankton abundance (Kim and Andreae, 1992; Xie and Moore, 1999). Therefore, the above 
findings suggest that photoproduction is most likely the dominant CS2 source, even though 
sedimentary and algal sources may at times also be important. 25 
Apart from air-sea gas exchange loss, no other CS2 removal processes have been identified so 
far. Air-sea gas exchange loss rates are considered small compared to photochemical production 
and significantly slower than efficient removal processes for other sulphur gases, for example COS 
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hydrolysis. Therefore, the absence of other significant sinks may be consistent with the only 
moderate diel amplitude of sea surface CS2. Other possible CS2 removal processes include 
microbial oxidation by denitrifiers (Jordan et al., 1997), hydrolytic CS2 degradation by thiocyanate 
degrading thiobacillus strains (Sorokin et al., 2001), and CS2 consumption by methanogens (Kelly 
and Smith, 1990). However, the role of microbial processes in CS2 cycling is as yet largely 5 
unknown and requires further study. 
 
3.3.2. CS2 distribution  
Our discussion of CS2 distribution is based on comparatively few original publications, which 
report mainly from the North and Irish Seas. Overall, data coverage around Europe is similar to 10 
that of COS, with a strong bias towards shelf waters around the British Islands. Previous reports 
are summarised in Table 7, and discussed in detail below.  
North and Irish Seas, including English Channel. CS2 concentrations in the North and Irish Seas 
varied from 11 pM to 52 pM. CS2 concentrations towards the lower end of this range were found in 
the north-eastern North Sea off Norway (11 pM, Leck and Rodhe, 1991), areas of the southern 15 
North Sea (16 pM, Turner and Liss, 1985; Staubes-Diederich, 1992), off western Ireland (14 pM, 
Xie and Moore, 1999), and the English Channel (11 pM, Kettle et al., 2001). In contrast, highest 
CS2 concentrations were reported from near-coastal waters (36 pM to 49 pM, Lovelock, 1974; 
Watts, 1991) and from biomass-rich waters of the English Channel and Celtic Sea shelf (52 pM, 
Staubes et al., 1990). These observations are consistent with earlier findings that CS2 20 
concentrations generally increase along the gradient from open ocean to near-coastal waters (Kim 
and Andreae, 1992), possibly due to increased photoproduction in combination with additional 
sedimentary and algal sources in shallow, productive waters.  
Baltic Sea, including Kattegat and Skagerrak. CS2 summer concentrations in the Baltic Sea and 
the Kattegat and Skagerrak regions were similar to those found in the adjacent north-eastern North 25 
Sea (11 pM, Leck and Rodhe, 1991), and thus fell towards the low end of CS2 concentrations off 
north-western Europe.  
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Other Coastal Shelf Areas. No data are as yet available for large shelf areas around Europe, 
including the Barents, Greenland and Norwegian Seas, the western Iberian Shelf, the 
Mediterranean Sea, and the Black and Azov Seas. It is worth noting here that only few coastal data 
outside Europe are available to date, chiefly from the Labrador Sea and the eastern US coast (Kim 
and Andreae, 1992; Xie and Moore, 1999). These data indicate CS2 concentrations from 13 pM to 5 
35 pM, broadly similar to those found around the British Islands. Nevertheless, our understanding 
of the geographical variability of CS2 concentrations remains limited and is further compounded by 
the lack of seasonal coverage. In particular, it is worth noting that the seasonal pattern of CS2 
remains poorly constrained, chiefly due to the lack of time series measurements and the 
unavailability of data from the winter months of November to March. In view of these constraints, 10 
further studies are required to improve our knowledge of the geographical and seasonal variability 
of CS2 in European shelf waters.  
Estuarine systems. Average CS2 concentrations of European estuarine systems varied from 36 
pM to 508 pM (Jørgensen and Okholm-Hansen, 1985; Watts, 1991; Moret et al., 2000; Sciare et 
al., 2002), approximately ten fold higher than CS2 concentrations on the adjacent shelves. In the 15 
western European estuaries of the Rhine, Ems, Scheldt, and Gironde rivers, CS2 concentrations 
were lowest near the freshwater-saline interface (2 – 22 pM), and generally highest at high 
salinities (ca. 80 pM, Sciare et al., 2002). Interestingly, axial CS2 profiles were distinct from those 
simultaneously recorded for COS, indicating that the estuarine concentrations of these two trace 
gases are controlled by contrasting biogeochemical processes. In contrast, shallow coastal water 20 
bodies with low freshwater inputs showed average CS2 concentrations ranging from 179 pM to 508 
pM (Jørgensen and Okholm-Hansen, 1985; Watts, 1991; Moret et al., 2000), significantly higher 
than those observed in western European estuaries. The only available data on seasonal variability 
are from a study in the shallow lagoon of Venice in the northern Adriatic, which provides near-
complete seasonal cover extending from March to November 1997 (Moret et al., 2000). CS2 25 
concentrations showed pronounced short-term variability with lowest levels in November (ca. 50 
pM) and maxima exceeding 1000 pM during May, July and September. Background levels 
appeared highest during July and August (> 500 pM), and remained above 200 pM for most of the 
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year. Interestingly, no CS2 maxima were observed during the phytoplankton spring bloom, 
indicating that processes other than algal production were dominant.  
CS2 emissions from intertidal areas were studied in Norsminde Fjord, Denmark, and the north-
eastern Wadden Sea (Jørgensen and Okholm-Hansen, 1985; Bodenbender et al., 1999). In 
Norsminde Fjord, flux rates were around 50 nmol m-2 d-1, similar to flux rates from shelf waters 5 
(Table 8). In contrast, flux rates in the north-eastern Wadden Sea were significantly higher 
throughout the whole year (362 nmol m-2 d-1). It is worth noting that CS2 emissions from spartina 
alterniflora dominated salt marshes may be significantly higher (1700 to 8560 nmol m 2 d 1, Aneja 
et al., 1979) than emissions from the Wadden Sea. However, no data are available for European 
salt marshes. Nevertheless, our data compilation in Table 8 suggests persistently high CS2 10 
concentrations in estuarine waters and elevated flux rates from some intertidal areas, suggesting 
that estuarine systems are probably locally important sources of atmospheric CS2. 
 
3.3.3. CS2 emissions 
The geographical coverage of CS2 measurements around Europe remains comparatively poor 15 
and displays a clear bias towards shelf waters around the British Islands (Table 7). As for COS, 
inadequate geographical coverage is compounded by pronounced concentration differences 
between shelf waters and estuarine systems. In addition, variability in estuarine systems is high, 
evidently increasing the uncertainty of CS2 concentration and flux estimates for these 
environments. Furthermore, seasonal coverage is mainly restricted to summer months, particularly 20 
in shelf areas. This lack of seasonal cover is arguably one of the most important constraints, 
especially since preliminary time series measurements from one estuarine system indicate 
summer/winter ratios of approximately 2.5 for sea surface CS2 (Moret et al., 2000). Despite these 
constraints we attempted to derive seasonal mean CS2 concentrations for European shelf waters 
and estuarine systems by grouping the data in Table 7 into winter (October to March) and summer 25 
data (April to September) and by applying equal weighting to each individual study area. Mean 
winter and summer concentrations for European shelf waters were 39 pM and 34 pM, respectively 
(Table 8). By comparison, the seasonal means of estuarine waters, derived in the same manner, 
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were 159 pM in winter and 162 pM in summer. Thus, our compilation suggested similar CS2 
concentrations for both winter and summer seasons. This similarity between winter and summer 
levels is almost certainly due to inadequate seasonal coverage. Our mean estuarine CS2 
concentration (161 pM, Table 8) is more than four times higher than that on the adjacent shelves, 
and almost three times higher than that reported for US east coast estuaries (57 pM, Kim and 5 
Andreae, 1992). These differences may be attributed to the inclusion of recent data from highly 
productive estuarine systems (Jørgensen and Okholm-Hansen, 1985; Watts, 1991; Moret et al., 
2000; Watts, 2000). However, our average for European shelf waters (36.5 pM) is in close 
agreement with previous work (Kim and Andreae, 1992; Xie and Moore, 1999). These results 
indicate that CS2 emissions from estuarine systems may be significantly more important than 10 
believed previously.  
We calculated CS2 emissions from the surface areas of European shelves and estuarine 
systems, seasonal COS concentrations, and ancillary data in Table 2. For the calculation of the 
CS2 concentration difference across the air-sea interface we used mean atmospheric mixing ratios 
of 69 ppt and 20 ppt for shelf waters and estuarine systems, respectively (Kim and Andreae, 1987). 15 
For the European shelf, we estimated winter and summer emissions of 0.08 Gmol a-1 and 0.05 
Gmol a-1, respectively, which combine to annual emissions of 0.13 Gmol a-1. By comparison, 
European estuarine systems alone account for emissions of 0.03 Gmol a-1, i.e. for 24 percent of 
CS2 emissions from European shelves (Table 8). We also estimated annual CS2 emissions from 
intertidal areas based on flux rates from Table 7 and the surface area of European intertidal areas 20 
(0.05 x 106 km2; see section 2.1). Our initial estimate indicates modest emissions of 0.003 Gmol 
a-1, significantly lower than CS2 emissions from estuarine systems. Thus, on the basis of the limited 
data currently available, intertidal areas seem less likely to make a significant contribution to the 
European coastal CS2 source. 
The relevance of European coastal CS2 emissions may be further assessed by comparison with 25 
recent estimates of the global marine CS2 source. Our combined European estuarine and shelf 
sources are estimated at 0.16 Gmol CS2 a-1, and thus account for approximately 30 percent of 
global coastal emissions and 5 percent of global marine emissions, respectively (Xie and Moore, 
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1999). This disproportionately large contribution may be explained by the combination of two 
issues. Firstly, we estimated slightly higher annual flux rates for shelf waters (39 µmol CS2 m-2 a-1) 
than Xie and Moore (1999) (10.4 µmol CS2 m-2 a-1), mainly due our adopted wind speed data 
(Table 2). Secondly, we considered significant, additional contributions from estuarine systems, 
which may account for nearly one quarter of our coastal European CS2 source. In summary, our 5 
results indicate that European coastal waters, and estuarine systems in particular, contribute 
significantly to global ocean CS2 emissions.  
Interestingly, our CS2 emission estimate also implies a significant source of atmospheric COS 
from the atmospheric oxidation of marine-derived CS2. Adopting a molar conversion efficiency of 
0.8 (Chin and Davis, 1993), direct and indirect emissions of marine derived COS from European 10 
coastal waters alone account for approximately 0.39 Gmol COS a-1, i.e. approximately 3 percent of 
the global COS source strength (Andreae and Crutzen, 1997). These results show that European 
coastal waters, despite their limited areal extent, contribute significantly to the global atmospheric 
COS budget.  
 15 
4. Conclusions  
Although DMS is certainly the most studied of the reduced sulphur gases considered here, our 
data compilation still indicates significant gaps with regard to geographical and seasonal coverage. 
Arguably the most important issue in this regard is that of seasonal bias, as illustrated by our 
discussion of mean seasonal DMS concentrations in section 3.1.3. However, bias from regional 20 
differences in DMS distribution and seasonal patterns may also be important Our discussion of 
previous work (section 3.1.2) suggest an annual DMS maximum in the open northeast Atlantic 
around June/July, while DMS in the southern North Sea seems highest around May, and estuarine 
systems showed an annual DMS maximum in early spring. Therefore seasonal bias in sampling 
frequency may cause different bias for distinct biogeographic areas on the European shelf, further 25 
illustrating the need for representative seasonal coverage in contrasting coastal environments. 
Further time series data are therefore needed to reduce seasonal bias and constrain regional 
differences.  
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Our data compilation in Table 4 indicate an annual mean DMS concentration for estuarine 
systems slightly below that of shelf waters, despite elevated DMS levels in estuarine systems 
during winter. In contrast, we found that estuarine systems show significantly enhanced levels of 
both COS and CS2, which exceed those on the neighbouring shelf approximately five-fold (Tables 
6 and 8). Consequently, estuarine systems contribute significantly to European coastal emissions 5 
of COS (27%) and CS2 (19%), despite their limited areal extent. Given that data for European 
estuarine systems compare well with data from estuarine systems outside Europe (see sections 
3.2.2. and 3.3.2), it seems plausible that COS and CS2 emissions from estuaries may be significant 
on a global scale. We therefore recommend that future emission estimates for these gases should 
separate shelf areas and estuarine systems.  10 
Interestingly, comparison of COS and CS2 fluxes (Tables 6 and 8) indicate that sulphur 
emissions from CS2 (0.32 Gmol S a-1) even exceed those from COS alone (0.26 Gmol S a-1). 
Considering an overall yield of 0.6 to 1 mol COS per mol CS2 (Chin and Davis, 1993 and 
references therein), the tropospheric oxidation of marine-derived CS2 may add 37 to 62 % to the 
direct, marine emissions of COS. These findings imply that marine-derived CS2 may be an 15 
important source of atmospheric COS.  
Our estimate of DMS emissions from European coastal waters account for 2.3% of global, 
marine DMS emissions from Kettle and Andreae (2000), although European shelves only account 
for approximately 0.9% of the global ocean surface area. Likewise, our emission estimates for 
COS and CS2 also indicate disproportionally high contributions of 7% and 5%, respectively, to 20 
global marine emissions (Ulshöfer and Andreae, 1998; Xie and Moore, 1999). Moreover, our 
findings indicate that coastal, marine COS and CS2 emissions from Europe alone account for 
approximately 37% and 30% of global coastal emissions, respectively (Ulshöfer and Andreae, 
1998; Xie and Moore, 1999) These findings may be attributed either to exceptionally high emission 
rates from European coastal waters or to other factors. Comparison with coastal data from outside 25 
Europe (see sections 3.2.3. and 3.3.3.) suggests that these are broadly comparable to COS and 
CS2 levels around Europe. In the light of these findings, it seems more likely that our high 
European COS and CS2 emissions resulted from our choice of coastal area cover and the 
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separate treatment of estuarine systems. Our findings therefore give reason to speculate that 
reduced sulphur gas emissions from coastal areas may have been underestimated in previous 
work.  
The combined emissions of DMS, COS, and CS2 from European shelves (excluding adjacent 
open ocean waters) account for annual marine sulphur emissions of approximately 16.9 Gmol S 5 
a-1, with more than 96% from DMS alone. By comparison, sulphur emissions from continental and 
shipping sources in the study area still accounted for 359 Gmol S a-1 in 2003, despite substantial 
reductions in anthropogenic sulphur emissions over the past two decades (Tarrasón et al., 2005). 
Current emission scenarios predict further substantial decreases in continental emissions, with an 
expected overall reduction to <250 Gmol S a-1 by 2020. Even under these scenarios, coastal 10 
marine reduced sulphur gas emissions will only make a significant but small contribution to the 
total European sulphur source. These findings are not surprising, given that anthropogenic sulphur 
emissions are highest over the latitudinal extent of our study area (Benkovitz et al., 1996). We 
would like to recommend that future, regional assessments should focus on tropical and southern-
hemisphere shelves, because marine, coastal emissions from these areas are plausibly more 15 
important for regional sulphur budgets.  
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Figure Captions 
 
Figure 1. DMS concentrations on the European shelf and adjacent open ocean waters, extracted 
from the data compilation in Kettle et al. (1999). The data shown fall within an area extending from 
30°W to 60°E and 34 to 77°N, selected to cover all European shelf areas including those of the 5 
Black and Azov Seas. The high resolution coastline is from Wessel and Smith (1996). The 200 
meter depth contour was interpolated from ETOPO2 two minute resolution bathymetry data (U.S. 
Department of Commerce, 2001). The shaded area indicates the spatial extent of the EU CORINE 
Land Cover project (see section 2.1).  
 10 
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Table 1. Areal extent and trophic status of European coastal shelves (adopted from Walsh, 1988). For 
comparison the estimated European estuarine surface area is also given.  
Region Area / 105 km2 Type Trophic Status 
 
Northwestern European shelf  
Barents Sea 7.3 Wide shelf Phototrophic system 
Greenland-Norwegian Seas 2.8 Narrow shelf Phototrophic system 
North and Irish Seas 8.7 Wide shelf Eutrophic system 
Bay of Biscay 2.7 Narrow shelf Eutrophic system 
Western Iberian a 0.4 Narrow shelf Eastern boundary current 
 
European Enclosed Seas  
Baltic Sea 3.9 Brackish, anoxic bottom waters Eutrophic system 
Northern Mediterranean 2.9 High salinity  Eutrophic system 
Black Sea and Sea of Azov 1.6 Brackish, anoxic bottom waters Eutrophic system 
 
Total Area  30.3  
 
Estuarineb     1.6  
a
 Estimated as 50% of Portugal-Morocco shelf in Walsh (1988)  
b
 Estimated from global shelf area and fractional EU shelf area cover (see section 2.1)  
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Table 2. Seasonal means of salinity, temperature and windspeed at 10 m height (u10) for European shelves.   
 Salinity 
- 
Temperature 
°C 
u10  
m s-1 
Winter  28.5   5.7 10.2 
Summer 28.0 10.1   8.2 
Average 28.2   7.9   9.2 
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Table 3. Overview of DMS measurements in European coastal and adjacent open ocean waters. Coastal and open 
ocean data have not been separated here, unless otherwise stated. Please note that data ranges given in brackets may 
refer to individual measurements or to averages from data subsets, depending on the original report.  
Region Date Comments DMS /  
nM 
Flux / 
µmol m-2 d-1 
Source 
 
Northwestern European shelf and adjacent open ocean 
Barents Sea off 
North Norway 
13 – 29 May 
1993 
Includes no 
shelf data 
n.a. 
(2.8 – 25.3) 
n.a. Matrai and Vernet 
(1997) 
N North Sea 16-26 Jun 
1999 
Coccolithophore 
bloom 
3.2  
(2.3 – 4.7) 
8.1 
(6-10.2) 
Burkill et al. (2002) 
Archer et al. (2002) 
N Atlantic, UK to 
Iceland 
13 – 29 Jun 
1991 
Coccolithophore 
bloom 
16.9 
(1 – 45) 
26.9 Holligan et al. (1993)  
N and S Atlantic 
starting from 
Iceland 
Oct 1996 Only Iceland 
shelf data 
shown here 
n.a. 
(0.16 – 0.26) 
n.a. Belviso et al. (2000) 
Off Western Ireland 8 Jun – 2 Jul 
1996 
 4.2 
(0.2 – 42.6) 
Ca. 1.0 
(0 – 6.6) 
Locarnini et al. (1998) 
Off Western Ireland 12 – 31 May 
1997 
 5.5 
(0.1 – 46.4) 
n.a. 
(0 - 38) 
Baker et al. (2000) 
Around Great 
Britain 
1984 - 1987 Flux based on 
data from April 
to September 
4.8 
(0.8 – 90.0) 
32 Turner et al. (1989) 
Around Great 
Britain 
Jan and Jul – 
Aug 1985 
North & Irish 
Seas, English 
Channel 
6.9 
(0.1 – 34.3) 
14.8 
(0.5 – 29.1) 
Turner et al. (1988) 
S North Sea  Aug – Sep 
1989; May, 
Sep – Oct ‘90 
Only water 
column DMS 
shown here 
5.2 (May ‘90) 
0.15 (Sep ‘90) 
n.a. Nedwell et al. (1994) 
S North Sea  Feb – Oct 
1989 
Data as in 
Turner et al.  
3.9 
(0.13 – 25.0) 
3.8 
(0.2 – 16.4) 
Turner et al. (1996); 
Liss et al. (1993) 
SW North Sea, off 
Great Yarmouth 
May – Aug 
1983 
DMS and CS2 
not separated 
0.4 – 15.6 nM 
S (DMS+CS2) 
n.a. Turner and Liss (1985) 
English Channel Jun 1984 Ushant frontal 
system 
n.a. 
(1.4 – 24.3) 
n.a. Holligan et al. (1987) 
NE Atlantic  Sep 1994;  
Jul 1995 
Means (ranges) 
for all data 
5.0 
(0.6 - 38.5) 
10.5 
(6.6 – 16.7) 
Uher et al. (2000) 
N & S Atlantic; 
Sargasso Sea 
Oct–Nov 1980; 
Sep 1981 
Includes S North 
Sea, English 
Channel 
2.6 (all data) 
8.0 (shelf) 
n.a. 
(7.9 – 13.1, all) 
Andreae and Barnard 
(1984); Barnard et al., 
(1982) 
Atlantic, NW 
Mediterranean, 
Indian Ocean 
Mar 1977 – 
May 1978 
 0.9 
(0.2 – 18.1) 
4.1 Nguyen et al. (1978) 
N and S Atlantic Mar – Apr 
1987 
Concentrations 
for 28W, 30N to 
14W, 47N only 
2.5 
(0.8 – 8.5) 
 
5.8 - 6-6 
(all data) 
Bürgermeister et al., 
(1990) 
N and S Atlantic 12 Sep – 
2 Oct1998 
Incl. data from 
English Channel 
and Celtic Sea  
2.0 
(0.2 – 5.9) 
6.0 
(0.0 – 43.4) 
Kettle et al. (2001) 
N and S Atlantic 
(1988-1990), Arctic 
(Jul-Aug 1990) 
Sep – Oct 
1988; Aug – 
Sep 1989; Oct 
– Nov 1990 
Includes S North 
Sea, English 
Channel 
0.9 (1988)  
4.4 (1989) 
2.2 (1990) 
3.1 (Arctic) 
n.a. 
(4.0 – 9.5) 
Staubes et al. (1990); 
Staubes-Diederich 
(1992) 
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Table 3. Continued.  
Region Date Comments DMS /  
nM 
Flux / 
µmol m-2 d-1 
Source 
      
Baltic Sea      
NE Baltic Sea, 
Kattegat/Skagerrak, 
NE North Sea 
July 1988  n.a. 
(2.1 – 4.7) 
n.a.  
(4.7 – 23.7) 
Leck and Rodhe (1991) 
E Baltic Sea Jan 1987 – 
Jun 1988 
 n.a.  
(0.06 – 6.2) 
n.a. Leck et al. (1990) 
      
Mediterranean Sea 
Ligurian Sea, NW 
Mediterranean,  
May 1990 Also data from 
NE Atlantic  
4.6 
(Ligurian only) 
n.a. Belviso et al. (1993) 
NW Mediterranean Jun 1993; Apr 
& Jul 1994 
 n.a. 
(0.1 – 24.0) 
11.2 (shelf) 
2.5 (open sea) 
Simó and Grimalt 
(1998); Simó et al. 
(1997); Simó et 
al.(1995) 
Around Greece July 1993  3.7 
(0.2 – 18.1) 
n.a. Rapsomanikis, 
unpublished, as in 
Kettle et al. (1999) 
      
Black Sea 
Around Turkey (SE 
Black Sea, Aegean 
& Mediterranean) 
Oct 2000 Highest concn 
near sewage 
outfall  
2.0  
(0.6 – 7.0) 
17.6 
(all data) 
Besiktepe et al. (2004)  
NW Black Sea  18 Jul – 2 Aug 
1995 
Includes data 
from Danube 
plume 
7.8 
(3.0 – 11.9) 
5.2 
(1.6 – 11.9) 
Amouroux et al. (2002) 
      
Estuarine systems 
6 W European 
estuaries 
Jul 1996 – 
May 1998 
Mean of means 
of all estuaries 
1.3 
(0.02 – 10.0) 
n.a. Sciare et al. (2002) 
Norsminde Fjord, 
Denmark 
Jun – Sep 
1984 
Flux data are for 
intertidal areas 
2.2 
(0.8-3.6) 
37.1 
(0.5 – 335.3) 
Jørgensen and Okholm-
Hansen (1985) 
Oosterscheldt, The 
Netherlands 
1 – 17 May 
1985 
Former estuary 
of River Scheldt 
7.0 
(1.5 – 22.7) 
n.a. Turner, unpublished as, 
in Kettle et al. (1999) 
W Wadden Sea, 
Marsdiep, The 
Netherlands 
Nov 1991 – 
Nov 1992; Jan 
– Jun 1993 
Incl. Phaeo-
cystis spring 
bloom data 
2.9 
(<0.5 – 18) 
n.a. 
(0 – 18) 
Kwint and Kramer 
(1996) 
W Wadden Sea 
Marsdiep, The 
Netherlands 
Mar - Jun 
1995 
Incl. Phaeo-
cystis spring 
bloom data  
n.a. 
(<1 – 40) 
n.a. van Duyl et al. (1998) 
Ría de Aveiro, 
Portugal  
45 surveys 
over one year 
mud flat data 
excluded here 
4.1 
(2.9 – 5.3) 
0.7 
(0.1 – 1.1) 
Cerqueira and Pio 
(1999) 
Toulon Bay, NW 
Mediterranean 
Jan – Dec 
1997 
 9.8 
(3.6 – 21.0) 
n.a. Despiau et al. (2002) 
Venice lagoon, N 
Adriatic 
3 Jun 1996 – 
26 Nov 1997 
 4.6 
(0.4 – 16.3) 
0.3 
(0.1 – 0.7) 
Moret et al. (2000) 
NE German 
Wadden Sea 
Jun 1991 – 
May 1994 
Intertidal mud 
flat data only 
n.a. 1.3 
(0.1 – 1.7) 
Bodenbender et al. 
(1999) 
Colne Estuary, SE 
England 
Intertidal areas 
Jul 1988 – Jul 
1989 
Saltmarsh 
creek, pan & 
vegetated  
Porewater: 
3.7 – 7.8 nmol 
mL-1 sediment 
1.7 
(1.2 – 2.5) 
Harrison et al. (1992) 
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Table 4. Seasonal means of DMS concentrations and air-sea fluxes on European shelves. 
Mean DMS concentrations for shelves and adjacent open ocean waters were extracted 
from Kettle et al. (1999). Mean DMS concentrations for estuarine systems were compiled 
from data sets listed in Table 3. The number of individual measurements are given in 
brackets. Air-sea flux estimates were calculated using areal cover from Table 1 and 
geophysical data from Table 2. Annual means are the arithmetic means of the respective 
seasonal data.  
Region  Season DMS Emissions 
Seasonal 
 
Annual 
  nM Gmol a-1 
Open ocean  Winter  1.86 a 
(n = 84) 
n.a.  
 Summer 6.20 b 
(n = 1287) 
n.a.  
 Average  4.03  n.a. 
Shelf Winter  0.76 
(n = 410) 
  1.7  
 Summer 8.43 
(n = 1519) 
14.5  
 Average  4.60  16.3 
Estuarine Winter  2.32 
(n = 268) 
  0.3  
 Summer 3.77 
(n = 617) 
  0.3  
 Average 3.05    0.6 
a
 from measurements in October in the northeastern Atlantic only  
b
 biased towards midsummer (see text for details) 
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Table 5. Overview of COS measurements in European coastal and adjacent open ocean waters. Coastal and open 
ocean data have not been separated here, unless otherwise stated. SR denotes the saturation ratio with respect to 
ambient atmospheric concentration and is given in brackets below the respective mean concentrations. Please note that 
flux ranges reported in brackets may refer to individual measurements or to averages from data subsets, depending on 
the original report. 
Region Date Comments COS / pM 
      (SR) 
Flux / 
nmol m-2 d-1 
Source 
 
Northwestern European shelf and adjacent open ocean 
SE North Sea and 
outer Elbe estuary 
Apr 1994 COS highest in 
outer Elbe  
118 
(5.6) 
100 Ulshöfer and 
Andreae (1998) 
SE North Sea;  
NE Atlantic  
Sep 1992 Only SE North 
sea data 
reported here 
49 
(3.2) 
95 Uher and Andreae 
(1997a) 
SW North Sea, off 
Great Yarmouth 
May – Aug 
1983 
SR is sum of 
COS and H2S 
65 - 170 
(4.6)  
n.a. 
 
Turner and Liss 
(1985) 
S North Sea and 
English Channel 
Sep 1989 – 
May 1990 
 142 
(n.a.) 
n.a. Watts (1991) 
N and NW French 
Coast 
1987 – 1989 
(summer) 
 n.a. 
(9.0) 
n.a. Mihalopoulos et al. 
(1992) 
NE Atlantic Apr – May 
1992; Jan 
1994; Sep ‘94 
Mostly open 
ocean data 
Jan:          5.3 (0.5) 
Apr-May: 14.9 (1.3) 
Sep:           46 (2.1) 
Jan:        -51 
Apr-May:  9 
Sep:       30 
Ulshöfer  et al. 
(1995) 
N and S Atlantic; 
SE North Sea 
Sep – Oct 
1988, Aug – 
Sep ’89, Oct – 
Nov ’90; Jul – 
Aug ‘90; May 
1988 & Apr ‘89 
Data for 40-
80°N only, Incl. 
S North Sea, 
English Channel 
102 
(1.1 - 3.3) 
248 Staubes et al. 
(1990); Staubes-
Diederich (1992) 
N and S Atlantic Oct/Nov 1997; 
May/Jun 1998 
Shelf data, 
digitised from 
Xu et al. (2001) 
Oct-Nov:  n.a. (1.3) 
May-Jun:  n.a. (5.9) 
 
n.a. Xu (2001); Xu et al. 
(2001) 
N and S Atlantic 12 Sep – 
2 Oct1998 
Incl. data from 
English Channel 
and Celtic Sea  
21.7 
(14.7 – 18.1) 
19.3 
(-0.07 – 2.2) 
Kettle et al. (2001) 
      
Mediterranean Sea 
NW Mediterranean 
off Villefranche  
Jun 1994  n.a. 
(7.0) 
n.a. Mihalopoulos et al. 
(1992) 
Around Greece Jul 1993  Shelf:         43 (5.2) 
Open Sea: 21 (2.6) 
Shelf:         56 
Open Sea: 52  
Ulshöfer et al. 
(1996) 
      
Estuarine systems 
4 W European 
estuaries 
Jul 1996 – 
May 1998 
Mean of means 
of all estuaries 
309 
(n.a.) 
n.a. Sciare et al. (2002) 
Off Great 
Yarmouth, SE 
England 
Apr - Nov 
1990 
 775 
(n.a.) 
n.a. Watts (1991) 
Norsminde Fjord, 
Denmark 
Jun – Sep 
1984 
 255 n.a. Jørgensen and 
Okholm-Hansen 
(1985) 
NE German 
Wadden Sea 
Jun 1991 – 
May 1994 
Intertidal mud 
flat data only 
n.a. 890 
(180 – 1500) 
Bodenbender et al. 
(1999) 
Colne Estuary, SE 
England 
Jul 1988 – Jul 
1989 
Saltmarsh creek 
& intertidals  
515  850 
(intertidal only) 
Harrison et al. 
(1992) 
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Table 6. Seasonal means of COS concentrations and air-sea fluxes on European shelves, 
compiled from publications listed in Table 5. Air-sea flux estimates were calculated using 
areal cover from Table 1 and geophysical data from Table 2. Annual means are the 
arithmetic means of the respective seasonal data. 
Region  Season COS Emissions 
Seasonal 
 
Annual 
  pM Gmol a-1 
Shelf Winter    40.1 0.05  
 Summer 100.2 0.15  
 Average    70.1  0.19 
Estuarine Winter  258 0.03  
 Summer 433 0.04  
 Average 346  0.07 
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Table 7. Overview of CS2 measurements in European coastal and adjacent open ocean waters. Coastal and open ocean 
data have not been separated here, unless otherwise stated. Concentrations and fluxes refer to moles CS2. 
Region Date Comments CS2 / 
pM 
Flux / 
nmol m-2 d-1 
Source 
 
Northwestern European shelf and adjacent open ocean 
NE North Sea July 1988  11 50  
 
Leck and Rodhe 
(1991) 
SW North Sea, off 
Great Yarmouth 
July 1983  16  n.a. 
 
Turner and Liss 
(1985) 
S North Sea and 
English Channel 
Sep 1989 – 
May 1990 
 49 n.a. Watts (1991) 
SE North Sea Apr 1989  16 n.a. 
 
Staubes-Diederich 
(1992) 
Off western Ireland July 1973  36 n.a. Lovelock (1974) 
Off western Ireland Jun – Jul 1996 Only coastal 
data reported 
here 
13.6 13.4 Xie and Moore 
(1999) 
N and S Atlantic Sep – Oct 
1988 
 52 167 Staubes et al. 
(1990) 
N and S Atlantic 12 Sep – 
2 Oct1998 
Incl. data from 
English Channel 
and Celtic Sea  
10.9 19.3 Kettle et al. (2001) 
      
Baltic Sea      
NE Baltic Sea, 
Kattegat/Skagerrak 
July 1988  11 28 Leck and Rodhe 
(1991) 
      
Estuarine systems 
4 W European 
estuaries 
Jun1997 – 
May 1998 
Mean of means 
of all estuaries 
36 n.a. Sciare et al. (2002) 
Norsminde Fjord, 
Denmark 
Jun – Sep 
1984 
Flux data are for 
intertidal areas 
179 50 Jørgensen and 
Okholm-Hansen 
(1985) 
Off Great 
Yarmouth, SE 
England 
Apr - Nov 
1990 
 263 n.a. Watts (1991) 
Venice lagoon, N 
Adriatic 
3 Mar – 26 
Nov 1997 
 508 43 Moret et al. (2000) 
NE German 
Wadden Sea 
Jun 1991 – 
May 1994 
Intertidal mud 
flat data only 
n.a. 362 Bodenbender et al. 
(1999) 
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Table 8. Seasonal means of CS2 concentrations and air-sea fluxes on European shelves, 
compiled from publications listed in Table 7. Air-sea flux estimates were calculated using 
areal cover from Table 1 and geophysical data from Table 2. Annual means are the 
arithmetic means of the respective seasonal data. Concentrations and fluxes refer to 
moles CS2. 
Region  Season CS2 Emissions 
Seasonal 
 
Annual 
  pM Gmol a-1 
Shelf Winter      38.8 0.08  
 Summer     34.1 0.05  
 Average      36.5  0.13 
Estuarine Winter  159 0.018  
 Summer 162 0.014  
 Average 161  0.031 
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Figure 1 
 
 
 
